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Abstract

A review of recent research carvied out at Adelaide in three areas of macrocycli complex
chemistry: (i) coronates, cryptates and related metal complexes; (ii) metal complexes of
pendant arm macrocyclic ligands: and (ii1) metallocyclodextrins is presented, snd the reladon-
ship between complex stability. lability and structure is explorr.d © 1997 Elsevier Science 5.A.

.

1. Introduction

The pioneering research of the Nobel Laurcates for 1987, Pedersen {1,2], Lehn
[3-7} and Cram [8-10] generated the coronands, cryptands, spherands and cavitands,
and has stimulated a great and enduring interest in the sclective complexation of
metal ions and other species by macrocyclic ligands. Contemporancously, the charac-
terization of jonophoric antibiotics [11,12] and the inclusion complexes of the
cyclodextrins [13-19] gave new insights into the selective complexation processes of
naturally occurring macrocycles. Meanwhile, the syntheses of the tetraaza macro-
cycles cyclen [20] and cyclam [21] generated A new impetus 1o the study of transition
metal complexes [22], and subsequently the aitachment 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 of our endeavours
together with related rescarch of others in three main arcas: coronates, cryptates
and related complexes; metal complexes of pendant arm maciocyclic ligands; and
metallocyclodextrins. A linking theme throughout is the relationship between com-
plex stability, Jability and structure, and the mechanistic insight which accrues.
Readers seeking a more compreliensive coverage are directed to some excellent
reviews of macrocyclic chemistry [22,28--31] in addition to the references cited above.

2. General aspects of coronates and cryptates

The chemistry of the coronands and cryptands (Fig. 1) wiiich are remarkable for
their ability to complex alkali and alkaline carth metal ions in addition to other
metal ions to form coronates, [M(coronand)]"*, and cryptates, [M(cryptand )]"*,
respectively, has been widely reviewed {1-7,29-31]. However, because of the extraor-
dinary exient of this chemistry, it is necessary to briefly review some of its salicnt
aspects to place our researcih 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 ccrrmon plane,
and from which their name originates [32]. Coronate structures ar¢ exemplified by
[K(18C6)]" ‘where the coronand ring opens to acconunodate K* in the mean plane
of 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 structwie adopted by [K(18C6)j™ is attributable to K™,
whose eight-coordinate radius (ry) 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 crystaliographic data [38],
while interacting with two SCN ™~ above and below the ring. These distances are
optimised in [Na(18C6)]™ threugh distortion of the ring to accommodate the smaller
seven-coordinate Na® (ry=112 pm) which is also coordinated to a water. In
[Na(15C5)])* [39] seven-coordinate Na* is out of the plane of the 15C5 ring, whose
hole radius is estimated to be 85pm from Cory-Pauling-Koltun models and
103.6 pm fiom crystallographic data [36-38], and is also coordinated to onc
SCN ~ and a water. Thus, although M * and coronand hole size are major compo-
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Fig. 1. Schematic representations of coronands and crypt.imi -
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nents determining coronate structure, interactions with counter ions and water play
a role in the crystalline state, and it is anticipated that similar factors are important
in solution.

Beciuse of the bicyclic structure of cryptands, the size relationship between M 4
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 cryptates arc cxemplifed by [Li(C211Y" [40],
[Na(C221)]* [41], and [Na(C222)]* [40] and its Rb* and Cs* analogues [42].
(Although cight-coordinate Rb* and Cs* are substantially larger than the estimated
(222 cavity size, this cryptand is sulfliciently flexible to accommodate them.)
Exclusive cryptates are exemplificd by [Na(C211)]* [43]) and [K(C221)]" [41].

[ the formation of macrocyclic metal complexes the solvation energy of M * and
the macrocyclic 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 all affect stability. The coronand [18C6 shows a substantial selectivity
in complexing alkali metal ions as is exemplified by the variation of the stability of
[M(18C6)]* in water for which log(K/dm?* mol ~')=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/dm® mol ~')=4.42, 6.15, 5.35 and 4.37 where the stabilities are higher because
of the decreased ability of this solvent 1o compete with 18C6 for M ™* [47]. The
increased stability of [K(18C6)]* in methanol by comparison with that of the K*
compiex of pentacthylene glycol, CH,0((CH,),0)sCH,, the lincar analogue of 18C6
for which log(K/dm?® mol ~')-=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(K/dm?*mol~1)=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 propylenc carbonate
[48]. The corresponding values for 18C6 are 2.70, 4.55, 6.08, 5.33 and 4.48. This
change m selectivity may be partly attributed to the change in coronand cavity
radius which increases for 14C4, 15C5, 18C6 and 21C7 in the sequence 60, 85, 130
and 170 pm as cstimated from Corey-Pauling-Koi: an models [36,371. However,
change in solvent can sometimes cause changes in macrocyclic selcctivity for metal
ions as is discussed in Sections 3-35,

The formation of a coronate require> sequential desolvation 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* (k,/k - )
prior to the complexation step (k,/k . »)

k, ks
M*418C6'= M* +18C6=> [M(18C6)]* (1)

ko ks
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For the first equilibrium A, =63 x 10°s T and A_, =1 x107s " at 298.2 K, and for
the sccond 107 %,=0.8, 2.2, 4.3, 44 and 43dm* mol "5~ and 1077k _,=06, 34,
037, 1.2and 44 s Mor Li*, Na', K*, Rb" and Cs ™", respectively '49). A different
model has been proposed for [M(18C6)]" in methanol where the initial step is the
formation of an encounter complex (ky/k.;) where 18Co resides in ihe second
coordination sphere of Na™ which is followed by desolvation and conformational
change in the second stage (k,/k )
k kx
M*18C6= M*...I8C6= [M(18C6)]* (2)
k. k s
The (k,/k -} equilibrium lies to the right and is not kinetically characterised by the
acoustic technique used, and 107%%,=0.6, 2.8 and 1.8s ' for Li*, Na* and K*,
respectivelv, at 298.2 K [50]. A major difference between the mechanisms is that in
the first 18C6 assumes an appropriate conformation before M ™* complexation and
vice-versa in the second. Nevertheless, in the absence of M ™, the conformational
equilibrium
kyy
18C6"= 18C6 (3)
k.o
for which ko~2x107s™! and k_,=2.04x10°s" ! is detected in methanol [50].
Irrespective of dillerences in mechanistic interpretation, these studies indicate that
sunie of the coronand and coron:te rate processes are rapid and are solvent depes -
dent. The latter cffect is found in our **Na NMR study of the Na™ exchange
kl:
Na* 4+ 18C6=> [Na(18C6)]* (4)
kg

where 107 %,=>4.1, 1.5 and 0.1dm*mol~'s™! and 107 % ,=43.4, 7.2 and
1.03s ! in acetone, methanol and pyridine at 298.2 K, respectively [51]. The &,
decomplevation step is a different and slower step by comparisoa with the & _, step
detectec oy the acoustic studies, and probably represents an carly stage in the
resolviition  and  conformational changes leading to accomplexation  of
[Na(18C6)]". The complexation k =k K where K is the [Na(18C8)]" stability
constant.

The cryptands C211, C221 and C222 show a remarkable degree of selectivity for
alkali metal ions which is mainly duc to the matching of the ionic radius for the
appropriate coordination number of M, ry, to the radius of the cryptand cavity
estimated from Corey-Pauling-Koltun models [4] as seen in Table 1. The most
stable cryptates are those where the sizes of M ™ and the cryptand cavities are most
closely matched. Although the cryptate stabilities generally increase with the decrease
in solvent 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 whilc that of solvated
M ™ has a significant solvent dependence. This was shown to be the case in "Li
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T el

Viagtion of the eryplate stability constant in water at 298.2 K* with cavity radius, r.. an ! metal ion
[y

radius, ry

Cryptand e tog(K/dm* mol )"

M'= Li' Na' K’ Rb’ Cs'

Iy = 76 pm 112 pm 151 pm 161 pm 174 pm
C211 80 pm 5.5 32 <2 <z <2
221 110 pm 2.50 540 3.95 2.55 <2
ca22 140 pm <2 39 54 4.35 <2
QR 180 pm <2 1.65 2.2 205 2.0

* Ref. 4], The r, are estimated from Corey Pauling - Koitna models.
" Ref. [33). Six- and seven-coordinate ry are given for Li' and Na ', respectively. Eight-coordinate ry
are piven for K'.Rb' and Cs*.

NMR studies of [Li(C2I1)]" in a range of solvents consistent with [Li(C211)}*
retaining its inclusive structurc in solution [54]). In contrast, the **Na shift of
[Na(C211)]" is sensitive to the nture of the solvent consistent with its exclusive
structure in solution [55]. For [Cs(C222)]*. ***Cs NMR studies show that an
cquilibrium between inclusive and exclusive forms of the cryptate exists in solution
while [Cs(C211)]" and [Cs(C221)]™ exist in the exclusive form only [56-58]. The
free cryptand may exist in three major conformations in solution, exo--exo, exo-cndo
and endo-cendo where exo and endo indicate that the nitrogen lone clectron pair
points outwards from and inwards to the crvptand 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 scveral solvents [62,63].

Acoustic studies of [M(C222)]*, where M* is Na*, K*, Rh* and Cs*, in
propylene carbonate are in accord with the rate processes

ko k ka
M*+C2222 M*..C202"= M*.C22'= [MC222)]* (5)
L k. k.2

where ko/k _o 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-endo forn and inclusive [M(C222)]" is in the endo-endo form [64]. (Whnen
M*=K* and Rb*, 107%,=7.2 and 6.0s™ ', and 10" "k,=11 and 7.6 57", respec-
tively, at 298.2 K.) These processes encompass a considerable nuinocr of rapid
desolvation and conformati>nal changes in the formation of [M{C222)]* and similar
processes also occur in ethier cryptate systems.

The majority of Kinctic studies have been carried out using the slower stopped-
flow [65] and NMR methods {66-68] such that the decomplexation (k4) and complex-
ation (k) rate constants rcpresent the slowest steps in a multistep process.

ke
M * +cryptand= [M(cryptand)]* (6)

kg
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Nevertheless, such studics in combination with stability studies yicld valuable insight
into cryptate complexation processes. Thus, the general decrease 1 stability of
[M(C221)]* and [M(C222)]" as the donor power of the solvent increases, as
indicitted by the Gutmann donor number (Dy) {69-71], is mainly the result of a
substantial decrease in kg while &, shows a relatively small variation with the nature
of the solvent [65,07]. This is consistent with the transition state for the rate
detertuining decomplexation step more closely resembling solvated M ™ and C221
or C222, than cither [M(C221)]" or [M(C222)]". respectively [65].

Witkin this extensive span of coronate and cryptate chemistry we have studicd
the comyplexation of metal ions by diaza bibracchial lariat ethers, eryptands and
mod fied cryptands as is discussed below.

3. Bibracchial lariat ether complexes

‘The lariat ethers are cither coronands or azacoronands with pendant arms attached
to on¢ or moie ring carbons or ring nitrogens, respectively [30,72]. The diaza
bibracchial  lariat  cthers  7,13-bis(2-hydroxyethyl )-1.4,10,-trioxa-7,13-diaza-
cyclopentadecane (bheC21) and its 2-mecthoxyethyl analogue (bmeC2i), and
7,16-his( 2-hydroxycthyl )-1,4,10,13-tetraoxa-7,16-diazacyclooctadecane  (bheC22)
and 1s 2-methoxyethyl analogue (bmeC22)[38, 73] occupy a structural niche between
the diazacoronands 1,4 '0,-trioxa-7,13-diazacyclopentadecane (C21)  and
1.4.10,13-tetraoxa-7,16-diaza ‘o tadecanc (C22) (Fig. 2) and the cryptands C221

/—OH (—OMe
—NA) A V)
O oj { oj
S L\J’
A A OMG
C21 bhel21 bmeC21

o~ (ﬁ rvif
ot w w

Oi». 1
ca22 bheC22 bme(C22

Fig. 2. Schematic representations of some diaza coronands and bibracchial lariat ethers.
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and €222 (Fig. 1). In the crystalline state [Na(bheC22)}", [K(bheC22)]" and
[NatbineC22)]" adopt & syu configuration where both arms are on the same side
of the macrocyclic ring with cight-coordinate Na* and K* at the centre of a
cryptand-like cavity, while [K (bmeC22)]" adopts an gnti configuration with an arm
on cither side of the macrocyclic ring coordinated to cight-coordinate K* at its
centre [38,73]. This dilTerence is attributed to the greater steric crowding caused by
the methyl groups in K(bmeC22)]7, but packing forces may also contribute to this
departure from the sy configuration. Similar structural data is not aviilable for the
anafogous [M (bheC21)1" and [M (bmeC21)]* species. However, as our X-ray struc-
turc of [K(C21)]" shows K to be 141 pm out of the plane of puckered C21 [74]
and Na™ is substantially out of the mean plane of [Na(15C5)]" [39], the entry of
Nat and K™ into the macrocyclic hole appears less likely in [M(bheC21)}* and
[M(bmcC21)}". This likelihood diminishes further for all four bibracchial lariat
cthers for Rb™ and Cs™ which are included in the solution studies discussed below
[75-77].

The stability constants for the four bibracchiat cthier complexes of the alkali metal
ions and Ag™ together with those for C21, €22 [48.78], C221 and C222 [52.53]. in
several solvents are collected an Table 2. For the alkali metal complexes the gencral
dgecrease in stability as solvent Dy increascs is a result of increasing competition
from the solvent for M™. In a given solvent the increasc in stability:
[M(C21)]* <[M(bheC21)]* ~[M(bmeC21)] " <[M(C221)]*, where the ligands
incorporate the fifteen-membered diaza coronand ring, is a consequence of the
increasing number of oxygen donor at. ns and the “cryptate effect” [4]. as is the
analogous variation [M(C22)]* <[M(bheC22)]" ~[M(bmeC22)]* <[M(C222)]*
where the ligands incorporate the eighteen-membered diaza coronand ring. In propy!
ene carbonate C21 and C22 are selective for Na* and K7, respectively, while in
acctonitrile the stability of [Li(C22)]" approaches that of [Na(CZly™ whch is
stightly greater than that of [K(C22)]*. This demonstrates the inlluence of changes
in  solvation on selectivity in  these systems. Dur [M(bmeC21)]* and
[M(bheC21)}*, and [M(bmeC22)]* data show changes in sclectivity from Li* to
Na*, and from Na® to K* as the solvent Dy increases. In contrast to the more
flexible bibracchial crown ethers, the C221 and C222 cryptands remain sclective for
Na® and K7, respectively, in a similar range of solvents and demonstrate the
dominance of the M ¥ size match to that of the cavity over solvation effects in
determining sclectivity.

While complexes of soft acid Ag™ (ry= 109, 115, 122 and 126 pm for §, 6, 7 and
8-coordination [35]) are 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 sclectivity in  the bibracchial lariat ether complexes. Thus,
[Ag(bheC21)]* and [Ag(bmeC21)]* 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 aiso exists
with nitrogen donor acetonitrile competing most sirongly with the macrocyclic
ligands for Ag*. In water log(K/dm®* mol ™!) for Mg?*. Ca?*, Sr** and Ba** in
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Table 2

The variation of complex stability in several solvents at 2982 K
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Complex Solvent DN fog(h dm*mol )
M' =
Lit Na ' K' Rb* ' Ag!
[(M(C21 ) Propylene carbonate 151" 4,12 4.83 2.25
IM(C22)f! Acctomtrile 1410 439 4.45 4.32 3.37 2.2 794
[M(C22))* ! Propylene carbonate 151> 3.59 4.31 4.43 293 19SS 1857
[MC22)! Methanol o 1.07 Lo 204 1.2 9.99
23'511
[M{bmceC21)" Acctonitrile 41" 913 817 5.24 439 V77 708
[M{bmeC2D)" Propylene carbonate 154" 7.0 7.1 5.0 1.2 36 12.2
[M(bneC2H)° Methanol 190h 30 A8y 4.69 397 346 986
23,5
[M(bmeC20)fF"  Dimethylformamide  26.6* 223 3.50 3.3 284 23 R
[M(bmeC20)F" Wair 181" <2 <2 <2 <2 <2 71587
33.04
[M{bmeC22)]'"  Acctonitrile 144" 580 7.9 0.19 524 441 690
[M(bmeC22))"*  Propylene carbonate 151" 5.1 0.5 6.0 4.7 4.0 1.7
[M(bmeC22)f""  Methanol 19.0° 247 4.57 530 444 366 939
235
[M(bmeC22))""  Dimcthylformamide  26.6" 193 3.31 182 108 238 R2W
[M(bmeC22))""  Walter 81P <2 <2 2.2 <2 <2 700
KRKES
[M(bicC2D)F"  Acctonitrile 4.1 R.01 7.00 6.24
[M(bheC21)E*  Methanol 1900 285 4.7 9.3,
23,8
[M(bheC21)E*  Dimethyllormamide  26.6"  2.36 143 3.08 250 21 9.3
[M(bheC22}1**  Dimcthylformumide  26.6" 229 3.65 4660 256 3136 913
[MC221) Acctonitrile 4 1033 >3 25 127 515 1124
[M(C221) Propylene carbonate  15.1-  9.60 12,09 i 88 703 492 1850
[M(C221)}" Methanol 9.0 538 9.65 #54 674 433 14.64
2315
[M(C221)]** Dimethylformamide 26,65 3,58 7.93 6.60 5.3 36l 12.41
[M(C222)** Acetonitrile 4.1 697 .63 113 95 457 899
[M(C222y"" Propylenc carbonate  15.1° 6,94 10.54 LI 9.2 4.1 16.29
[M(C222)])"" Methano 19.0° 26 7.98 04  8Y8 44 12,20
R
[MC222)* Dimcthylformais.de  26.6° 6.17 7.98 6.78  2Lle 1007
* Ref. [48].
b Ref. [69].
¢ Ref. [78].

4 Refs. [70,71].
© Ref, [76].
T Ref. [77].
€ Ref. [75].
b Ref. [53].
| Ref. [52].
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[M(bheC21)]*" == ~ 2, 4.86, 4.15 and 3.99, in [M(bmeC21))** = <2, 2.8, 3.62 and
345, in [M(bheC22))*" = <Z. 4.08. 429 and 5.33, and in [M(bmeC22)]** = <2,
2.4, 3.64 and 4.36 [81]. Thus. the 10st stable complexes are [Sr{bheC21)]** and
[Sr(bmeC2D)]** (=121 pm for 7-coordinate 91‘”’) and [Ba(kheC22))** and
[Ba(bmeC22))P* (ry =142 pm for 8-coordinate Ba*'), consistent with cavity size
being a significant factor in determining complex stability. The border-line hard acid
divalent first row transition metal ions form similar complexes of increased stability
probably because they coordinate nitrogen more strongly than the hard acid alkaline
carth jons.

Our "Li and *'Na NMR kinztic studies of the monomoleculir M * exchange on
the bibracchial Tariat ether [ML]" complexes

M +L= [ML] (7)
Ay

show that the greater Jecomplexation rate (hy) of the bibracchial lariat ether com-
plexes is largely the cause of their lower swibilitics (K=4_/ky) by comparison with
those of the corresponding and less flexible cryptates [82] (Table 3). For each
complex. k. and &y characterise the slowest of the sequential steps in cither direction.
While ky are similar for the Li* and Na* bibracchial lariat cthers, the AH} for the
former species arc smaller but this is compensated for by their more negative AS3.
The faster acoustic method has detected two of the Na* complexation sequence

steps in the formation ol‘[Nu(RNlSCS N*

RN]SCS-" [Na*. RNISC‘*]*- [Na(RNI5C5))" (8)

k | 2
where RNI15CS is the single AL lariat cther,
I-methoxyethoxycthyl-1,4,7,10.13-tetraoxa-1-azacyclopentadecane - [83].  The
(ky/k - =K,) step is the initial complexation, where Na™ remains outside the coro-
nand ring, and the second (k,/k _,) step results in Na ™ being coordinated within the

Tab!: 3
Parameter  r Li' and Na' exchange in several complexes in methanol
Comp'ex 10 *k(298.2K) ky(298.2K) At} AS}

(dm*mol 's ) (s 1) (kJmol %) JK "mol Y
|Li¢bheC21 )" 43 6070 27.1 —BI.5
(Li(bmeC21 ) 20.2 1970 20.4 —~113
[LyC221))° 192 78.4 218 -129
[Na(bheC22)}* 3088 4130 42.8 -320
[Na(bmeC22))* 90)3 2430 59.9 20,8
[Na(C222)° 2700 287 : :

" Ref, [75].
b Rel. [76).
< Ref. [82],
J Ref. [77].
¢ Ref, [65].
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coronand ring  and by  the  methoxycthoxyethyl '.n'm with
ki=9.0x10"dm*mol " 's Lok =210x10%7! K =429dmP*mol !, k=12 x
1077k ,=1.5x10%s "V and K, =80 at 298.2 K. When R is replaced by CH, the
corresponding data N hi=9.1 x l() dmmol “'s7 kL --ﬂ 9x 1071,
K, =154 din* mol 7', ky=359x 10"y, k_,= 3.‘) x 107 s and
K;=14.9 dm* mol ~ . which demonstrates the complex stabilising effect of the meth-
oxyethoxyethyl arm.

4. Modified cryptates

The sertes  4.7,13.106-tetraoxa-1,10-diazabicyclo[8.8.2]cicosune  (C22C,),  its
-|8.8.5]tricosane  (C22C5) and  -[&.8.8]hexacosane  (C22Cy)  analogues.  and
4.7,13-trioxa-1,10-diazabicyclo[8.5.5]cicosane (C21Cs) shown in Fig. 3. may be
viewed as diazacoronands in which the two amine hydrogens have been substituted
by a - (CH,), bridge, where n=2, 5 and 8, and arc related to the eryptands where
this bridge is replaced by - (CH,),0((CH,),0)(CH,), . Because of this relationshig
and their macrobicyclic nature, the members of this series are conveniently referred
to as modified cryptands and provide an opportunity to study the influence of a
preformed cavity on sclectivity when one arm is devoid of coordinating groups.

Unlike the cryptands, the smallest member of the series, C22C,, has 2 clam-like
structure where the upper and lower - (CH.),O(CH,),O(CH,)~ jaws are hinged
about the >N(CH,),NZ moicty [84-88]. ( The generic name, dlplydmnd. derived
from ditypchos and meaning hinged double tablct has been proposed for C22C,
[84].) The dihedral angle between the mcan planes delincated by the two hinge
nitrogens and the pairs of oxygens in cach jaw is calculated [89] as 88.4, 70.9, 89.6
and 100" from the erystal structures of C22C,, [Li(C22C,)) . [Na(C22C,)])" and
[K(C22C,)}", respectively [84 -88]. This variation of jaw angle presents the potential
for a different mode of sclectivity for metal ions by comparison with that of the less
flexible cryptands discussed carlier in which metal ion selectivity is predominantly
deterinined by the fit of the metal ions to the cryptand cavitics.

In acetontrile, log(X/dm* ol ™) for [M(C22C,)]" varies in the sequence 7.8,
9.4, 7.2, 5.0, 94 and 104 when M* =Li*, Na*, K*, Cc;*, Ag' and T, respec-
tively, and the analogous values in dimethylfor mam:dc arc 3.5, 6.1, 3.2, 2.7. 9.4 and

[:( N’\‘ ’7).(\1
k\/"f JTJ‘L,J

c22e, CNTs C22C; C22C,

Fig. 3. Schematic representations of some modified cryptands.
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6.7 [89.90]. For the alkali metal ion [M(C22C,)]" there is a decrease in stability on
poing from acetonitrile to dimethylformamide as the solvent Dy increascs. but the
most stable complex in both solvents is [Na(C22C,)]" consistent with there being
the Jeast strain in its structure where the coordinated C22C, jaw angle is close to
that obscrved in free C22C,. In [Li(C22C,)]" the jaw angle is less than that in (ree
C22C, while in [K(C22C,)]" the jaw angle is greater. and in both cases it appears
that this results in structural strain which diminishes stability. “Li and **Na NMR
studies vield 107%,(298.2 K)=7.60 and 155dm”* mol ~'s™ ', £4(298.2 K )=240 and
1235 1 Al =22.5 and 64.0 k) mol "*, and ASi=—124 and —9.5) K "mol !
for monomolecular metal ion exchange in [Li(C22C,)]" and [Na(C22C,)]", respec-
tively. in dimethylformamide [89.90]. Thus. the greater stability of [Na(C22C,)}"
arises from its greater &, and smaller &y, by comparison with those of
[Li(C22C,)] ", The larger Ay Tor [Li(C22C,)] " arises from a smaller AHY and more
negitive ASY which probably reflect the release of greater structural strain and
significantly greater resolvation of Li' in the transition state than is the case for
[Na(C22C,)])" in which structural strain is fess and Na* is more exposcd 1o solvent
in the ground state so that less resolvation oceurs in the transition state.

In dimethylformamide [Na(C22C,)] " is less stable thanits Ag* and TI* analogues
because this hard buase oxygen donor solvent competes more clleciively with
C22C, for hard acid Na™* than it does for soft acid Ag* and TI* which show a
greater tendency to coordinate soft base nitrogen atoms [ 79,80]. This effect superim-
poses on the eflects of cation size. In the soft base nitrogen donor acetonitrile this
competition changes so that [Na(C22C,)] " stability increases substantially while
that of [Ag(C22C,)]" is unchanged. In dimethylformamide, the greater stability of
[Ag(C22C,)]" by comparison with that of [TI(C22C,)]" mainly reflects the greater
sizc of TI* (ry=150pm) and the greater strain in [THC22C,)]". However.
[TI(C22C,)}* becomes more stable than [Ag(C22C,)]" in acctonitrile probably
because the acid character of TI™ lies in between those of Ag™ and hard acid K~
[91.92] and acctonitrile competes more effectively for Ag™ than for T,

The modified cryptand, C21Cs. is dircetly comparable to C211 and our crystal
structures of [Na(C211)]SCN and [Na(C21C,)]SCN [93] show both to form exclu-
sive cryptates with Na™ positioned on a 15-membered trioxa diaza cryptand face
with & SCN ~ within bonding distance. In [Na(C21C)]SCN, Na* is 37 pm distant
from the trioxa planc. whilc in [Na(C211)]JSCN Na* is 14 pm {rom the trioxa plane
Lo e decreased distance is attributable to the Na™ interaction with the fourth

sygen which is 266.2 pm distant. Reflecting the smaller size of Li*, there is
~nding interaction between Li* and SCN ™ in the inclusive [Li(C21C:)JSCN
cryplate [94] as s also the case for inclusive [Li(C211)]SCN [40].

The presence of the fourth oxygen in [Li(C211)]" and [Na(C211}]" causes them
to be considerably more stable than [Li{C21C,)]" and [Na(C21C.)]". respectively,
in dimethylformamide and other solvents as a consequence ol the greater clectrostatic
interaction of C211 with Li* and Na* than is the case for C21C; [55.67,95-100]
(Table 4). While inclusive [Li(C211)]" is more stable than exclusive [Na(C211)]",
exclusive [Na(C21Cs)]* is more stable than [Li(C21Cg)J* which, from “Li chemical
shiflt measurements, appeirs (o exist in an equilibrium between exclusive and inclusive
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Tabled

Parameters tor [LC21CH] 7 HLC2ED] I Na(C21C)]) T and [Na(C21 D] in several solvents

S Lent Dy 10 %k, Ay ALY ASY log

(i'maol s ) (") (klmol Y (JK "mol Y (KAdmimol )

1LIC21C)"

Acetonitrile ENL 4.15

Methanol® 90" 0,221 216 10 —98.4 3.00
R

Dimethylformamide®  26.6*  0.073 [1o 384 --76.5 .80

[LitC211))!

Acctonitrile 141" > 10

Muthianol® 90" 4.8 0.0044 8.04
RETl

Dimethy Wormamide' 20,68 1.27 0013 644 ~ (4.8 6.99

INa(C210)”

Acetonitrile” LY 100 848 579 - 138 5.08"

Propylene carbonatet 151" 25,5 94 70,3 15.3 S0

Acetone? 17.0" 84 R78 544 - 6.1 398"

Methanol® 19.0" 104 s 449 =310 3.76
R

Dimethylformamidet 26,6 214 I3K00 400 --25.3 287"

Pyridine? 3Bar 49 935  06L8 33 172

INa(C211 )]’

Propylene carbonatet  15.1% 210 0.036 8.76

Water! 18.1" 0,754 476 072 12,6 3.2¢
RRE

Methanol* 19.0% 310 2.5 6.1
RE Tl

Trimethylphosphatet 230" 16.6 692 622 ~20.3 5.8

Tricthylphosphate! — 26.0% 4.3 8.2 67.0 ~2.6 4.72

Tri-n-butylphosphate’  23.7° 3.1 3.6 84.7 50.5 4.94

Dimethylformamide’  26.6*  19.2 21 R3S 559 5.23¢

Dimethylacelamide®  27.8° 249 452  04.8 4.3 4.74

Dicthylformamide” 309" 229 182 01 4.4 5.0

Dimethyl sulfoxide! 298" 14,5 M0 695 17.4 4.63¢

“ Ref. [95].
b Ref. [6Y].
* Refs. [70.71].
Y Ref, 153].
¢ Ref. [52].
T Rel. [66).
€ Rel. [67).

" Ref. [96].
"B.G. Cox, ), Garcia-Rosas and F, Schiacider, 3. Phys. Chem., 84 (1980) 3178.
! Rel. [55].
b Rel’ [97).
' Ref. {98].
™Y, Marcus, J. Soln. Chem.. 13 (1984) 599,
" Refl. [97).
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forms in solution [95+ "rus. “he lower stability of [Li{C21Cy)]" is probably a
consequence of the gi « . solvation energy of Li' by comparison with that of
Na . The greater stability of [Li(C211)]" is mainly due to its much lower decomplex-
ation rate (k,) by comparison with that of [Na(C211)]*, while the greater complex-
ation rate of [Na(C21Cs)]" (k) causes it to be more stable than [L(C21C,))".

It was noted in Scction2 that the decrease in stability of alkali metal
[M(C221)]" and [M(C222)])" with increase in solvent Dy was largely because &y
showed major increases while the changes in A were relatively small [65]. A similar
effect is scen for [Na(C21Cy)}" (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 decomplexation steps of a multistep process [67]. Thus, AG} is set constant
to reflect its relatively small variation with solvent by comparison with that of
AGY. Because AGY is the difference between AG! and AG?, and AGY is the difference
between AGY and AGE, both AGY and AGY are decreased by a strong donor solvent
becavee AGH is large and vice-versa for a weak donor solvent. (The deviation from
this pattern in pyridine may arisc 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(C211)]* in propylenc carbonate, methanol and dimethylformam-
ide. However, as solvent molecular size increascs steric effects on solvation may
cause deviations from the simple model proposed above.

The crystal structures of [M(C22C;)]* 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 are
two [K(C22C,)]" species in the crystal) and Cs™ s 129.96 pm above this mean
planc [101,102). While the four oxygens of [Na(22C)]" are almost perfectly
coplanar, deviation from coplanarity increases progressively in the K* and Cs?

[Na(021 Cs)rtunsolvaled

........... )

AG

AG? = free enargy of complexation

AG.? = activation free energy of complexation

AG4* = activation free energy of decomplexation
AG* - structurai rearrangement component of AGg?
AG¥ = solvation component of AG,*

/.Y
[Na(C21Cs)]*soivated

Fig. 4. Free energy profile for [Na(C21Cy)) .
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analogues, and i none of these cryptates are the cryptand nitrogens in bonding
distance of the alkali metal ion. Comparison with inclusive | Na(C221)]" and exclu-
sive FRAAC220)1 discussed earlier [41], shows that the absence of a iifth oxygen in
[NafC 220" e, Na© ot faterpet preferentially with the four oxygens in the
face of tiv: cryptand and to become distant from the two nitrogens, and that the
size of K" excludes it trom coplanarity with the four oxygens of [K(C22Cq)]" as it
does in [K(C22D)]7. (An unusual feature of C22C,. H,0.C10O, is the position of the
H,0" oxygen 66.0 pm above the plane of the four cryptand oxygens [102].)

The alkali metal [M(C22C4)]" show a variation in M selectivity and are of
lower stability than [M(C221)]" which is selective Tor Na® [102,103] (Table 5).
These differences arce attributable to the greater ciectrostatic attraction between
M and C221in [M(C221)]" and the inclusive nature of [Na(C221)])* . The weaker
interactions in [M(C22C)] " result in fower stabihitics and in solvation of M being
more influential i determining sclectivity. A similar relationship  holds for
[M(C222)]" and | M(C22C)] " [104]. All four of the above cryptands may be vizwed
as  derivatives  of  monocyclic C220 and  [M(C221)]", [M(C22C4)]"  and
[M(C222)]" are more stable than [M(C22){'[105 1071 Table 5). This is unisurpris-
ing for [M(€220)]" and [M(C222)]" because of their extra oxygen donor atoms
and the cryptate eflect [4.5]. The enhanced stability of [M(C22Cs); ™ ir frobably a
conscquence of the Cs arm restricting conformational flexibility of the 18-membered
ring and blocking solvent access to M on one side of [M(C22C5)]™. (Some support
for this is auduced from the solid state where K* lies in the plane of the four
oxygens of [K(C22)]" [108] while it lics above this plane in [K(CZ2C)]" [102].)
rlowever, the stability of [M(C22C,)*' is lower than that of [M(C22C¢)]" and
approaches that of [M(C22)]" presumably because of the greater flexibility of the
Cy arm [104]. The stabilities of the cryptates formed by C21C., C22C,, C22C, ',
C22C, with bivalent metal jons Lrgely reflect the influence of the same stractur )
factors observed for their alkali metal analogues [109.110].

5. Metal complexes of pendant arm macrocyclic ligands

Since the synthesis of  [.4,7.10-tetraazacyclododecane  {cyclen) [2d] and
1.4.8. 11 -tetranzacyclotetradecane (cyclam) [21] and ligands derived fiom them
(Fig. S) a field of complexation research encompassing a wide range of metal ions
has evolved [22,28,29,31,111]. We are particularly interested ta the metal complexes
of the cyclen and cyclam derivatives where a coordinating pendant arm is attached
to cach nitrogen of the macrocyclic ring {24,26,27,112-120] (Fig. 5). Within this
arca our studies have been mainly concerned with the interplay between stability,
lability and structure in complexes of mono- and bivalent metal ions, and this is
reflected in the discussion which follows. Comparisons are made with the fascinating
chemistry of closely related trivalent lanthanide complexes,

The first alkali metal complexes of pendant arm macrocyclic ligands to be the
subicct  of quantitative  stability and  Kkinetic  studies  were  those  of
1.4.7.10-tetrakis( 2-hydroxyethyl )-1,4,7.10-tetraazacyclododecane (theel2) and its
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Tuble §

Stabality constants for some alkali metal complesss

2049

Solvent log(A-dm* mol ")
M
bi' Na* K’ Rb' ("

IMC22C )"
Acetonitrile®” 047 7.58 0.26 5.5 4.57
Propyvlene carbonate” 536 595 7 01.60 S0
Mcthanof® 2.30 S S 5.7 4.8
Dimethyformamide” 22 1,00 185 82 2.90
[MC22h)}
Acetonitniet 10.33 =113 9.3 1.27 S5
Propylene carbonatet "o 12.09 Y 8Y 7.03 4.92
Methano!! 5.38 Y.63 ! 074 4.33
Dimethylfornamide” 358 7.93 .00 538 3.01
[MC2C)]
Acetonitrile® 37 1.86 5.09 3.88 A3
Dimethylformamide® 1.9 23 2.0 2.2 AR{]
[MC222))
Acctonitnlet (.97 Y63 ir3 Y50 4.57
Dimethylformamide 6.17 7.98 6,78 210
[M(C22))°
Acctonitrile 4.3y 4.4yt 4,35 RRYL 2.25¢

4.300 J.320 2480
“ Ref, [102],
PR 103]
“ Ref. {53].
4 Ref. [52].
* Ref. [104].
FRef. [105].
FRel [ 106].
" Ref. [107].

X = H (cyclen) X = H (cyclan)
xﬂ X a CH,CH,0H (thec12) XN NX X =CHy(tme)
X = CH,CH,OCH, (tmec12) X = CH,CH,0H (thec14)

[
S

X = (S)-CH,(CHa)CHOH (S-thpc12)
X = CH,CO,~ (dota*)
X = (S)-CH(CH;)CO, (S-dotma*)

[X

N N

(A

Fig. 5. Schematic representations or come teiraaza-macrocyclic ligands.
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2-methoxy (tmeci2} and (S)-2-hydroxypropyl (Sthpel2) analogues (Fig. 6 and
Fig. 7) [113,116-120]. These three ligands form complexes with all of the alkali
metal ions and Ag’, and their stability constants appear in Table 6. It is scen that
metal ion selectivity is less than for the cryptates discussed carlier, and that there is
a strong depenJence of complex stability on the nature of the solvent, and on the
ligond. This is consistent with complex stability being dominated by a combina‘ion
of (i) the solvation cnergy of the alkali metal ion, (ii) the clectron donating power
of the sclvent as indicated by Dy, (iii) the coordinating power of the ligand donor

A enantiomer A enantiomer

T C*f7

/
’ .:\ ’) K 3ron\Mf_:_Ho] When R = H,

R b\ /'] W ligand =thec12.
' n/N\ When R = Ma,
Y OR / ligand = tmeg12
¢ bty

+ M \M’ +M’.&/-M*-ka

/ 0 \
conformation
) unknown
1)
C \ RO\A
Fig. 6. Enantiomerisation of A and AlM(theci2]’ and A and AJM(tmecI2l' and M ' exchange in both
systems. ‘The A and A enantiomers are those where the pendant arms assume it clockwise and anticlockwise

chirality, respectively, when the structure is viewed from the centre of the four oxygen niane looking
towards M " and the nitrogen plane bevond.

e /oK %,/- \ ® 4 °

M >CH\H(.):~1s K b( },\w/wnd f:‘ (N Fjv/\:g)(”

S8 +sk7N e R
™ OH Mo

g —» N 't N N N’
Me” HO, Me” V" \ HO
1 a b ¢ ° pa
Me f H Me H Me
d
A AIM(Sthpc12))* B A[M(S:thpc12))* C A[M(S-thpe1sy)*

Fig. 7. The exchange process for equivalent forms of the A[Na(S-thpel2)]® diostercomer, A and B,
leading to the exchange of the macrocycle carbons between environments a and b, The undetected
A[Na(S-thpel2))’ diastereomer is shown as C, The A and A diastercomers are those where the pendant
arms assuime a clockwise and anti-clockwise chirality, respectively, when the structure is viewed down
the C, axis from the four oxygen planc looking towards Na* and the nitrogen planc beyond. The rotation
of the plane delincated by the four oxygens away from eclipsing that delineated by the four nitrogens is
exaggerated for iflustration purposes.
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Table 6
Variation of stability of [M(thecI2)]". [M/ =073 and [M(S-thpe 20" with MY and solvent at
298.2 K and 7=0.05 mol dm ~* (NE(,CIO,)

Solvent log(K/dm* mol )

M'=

Li' Ni K’ Rb' Cs! Ag'
[M(thecl2))
Acetonitrile 8.07 6.66 340 3.00 2.90 9.35
Propylene carbonale 8.90 7.4 591 4.23 4.04 14.00
Methanol 3.09 4.53 243 2.20 1.90 12.57
Dimethylformamide 2.9 M 1.59 .39 1.23 11.16
[M(tmecl2)] P
Acclontrile 9.34 9.13 6.07 4.85 3.55 12.30
Propylene carbonate 8.0 g2 6.7 a2 15.3
Methanol 4.1 6.2 RRY 3.0 2.5 14.2
Dimethyiformamide 1.61 5.08 3.02 2,73 228 13.73
Wialter <2 220 <2 <2 <2 12.62
[M{S-thpei2))'s
Mcthanol 4.0 4.8 35 34 3.2 12,8

" Refs. {116, 118].
b Refl. [119].
¢ Ref, [120].

groups, and (iv) the ability of the ligand to assume & conformation which optimises
bonding with M ¥, Thus, as the solvation energy of M* increases with Dy the
balance among (i)-(iv) changes and the variation of complex stability with the
naturc of M ¥ changes. The change from hydroxy to inethoxy groups in thecl2 and
tmeci2, respectively, causes a substantial increasc in stability attributable to the
greater electron donor power of the methoxy gioups. Pillerences in stability between
[M(thecl2)]" and [M(S-thpel2)]™ are probably due to a combination of the hydro-
phobicity and the stercochemical effects of the methyl groups of the latter complex.
The stabilities of the Ag " complexes are substantially greater than their alkali metal
analognes because the soft acid nature of Ag* causes it to coordinate the macrocycle
amine groups morc strongly. In keeping with this, the Ag™ complex stability is
decreased in nitrogen donor acetonitrile.

Roth thecl2 and tmecl2 are achiral and *C NMR studies are consistent with
them forming cight-coordinate A and A enantiomeric complexes with Li*, Na™ and
K™ as shown schematically in Fig. 6. In the solid state, however, [Li(thecl2)}* 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(theci2)]™ [112.121,122]. Thus, differences in
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coordination number in the solution and crystalline states arc attributable to packing
forces and inter-complex hydrogen bonding in the latter state.

The solution coordination numbceis and stereochemistrics of [M(thecl2)]” and
[M(tmecl2)}* are derived from slow exchange *C WMR spectra where a single st
of resonances for the pendant arms show them te be equivalent while the (wo
resonances arising from the macrocycle ring carbons show ‘hem to exist as two
inequivalent scts (Fig. 8). As the temperature increases the vaacrocyclic ring reso-
nances (a and b) coalesce through cnantiomerisation while the pendant arm res-
onances (¢ and d for [M(thec12)]*. and ¢, 4 and ¢ for [M(tmecl2)]*) show litie
variation other than some narrowing and smell chemical shift changes associated
with decrcasing viscosity and changing dicleciric constant. This is consistent with
exchange occurring between the approximately square antiprismatic A and A enanti-
omers of [M(thec12)]* and [M(tmecl2)] in which the squarc planes arc delineated
by four oxygens and four nitrogens [117--119] (Fig. 6). This cnantiomerisation
inverts cach nitrogen as a consequence ol the exchange of the macrocyclic ring
carbons between environments a and b,

The introduction of a chiral centre into cach pendant aem in 1.4,7.10-tetrakis((S)-
2-hydroxypropyl )-1.4,7,10-tetraazacyclododecane (S-thpcl2) promises the forma-
tion of A and A[Na(S-thpcl12)]" diastercomers on complexation of Na™ (Fig. 7).
Each diastereomer should exhibit a set of five *C rasomniices, however, at low
temperatures only one such set of resonances is observed consistent with cither only
the A or only the A[Na(S-thpcl2)]* diastercomer existing at detectable levels, or
boti diastercomers having very similar chemical shifts [120]. As temperature
increases the macrocyclic ring resonances (4 and b) coalesce, and minor non-
exchiange induced changes occur in the pendant arm resonances (¢, d and ¢) in an
analogous manner 1o 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 A and A[Na(S-thpel2)]™ for which the chemical shifts
were very similar [117]. Subsccuently, our molecular orbital calculations through
Gaussian 94 using the LanL2DZ b1 is set [123] showed the very much more stable
diastereomer to be A[Nua(S-thpel2).  which has a distorted cubic structure (twist
angle ¢=5.3") delineated by the jarallel planes of the four oxygens and the four
nitrogens. Thus, it now seems likely that the exchange involves the identical
A[Na(S-thpcl2)]* diasterecomers as shown in Fig. 7, an interpretation which
also explains the obscrvation of only five *C resonances at low temperature. (A
similar  interpretation  applies  to  free  AS-thpel2  for  which
(298.2 K)=34800s"!, AH*=539kImol ! and AH*=22.8) K '"mol~") This
exchange has no effect on the pendant arm environment, hut exchanges the macro-
cyclic ring carbons between environments a and b. While the sequence of cvents
producing the exchange is unknown, it is clear that each nitrogen has to undergo
two inversions, and that a single inverston of all four nitrogens would produce the
undetected A{M(S-thpcl2)]™* diastereomer. In the crystalline state only the A chiral-
ity has been found as exemplified by A[Pb(S-thpel2)]** [114] and
A[Bi(S-thpel2)]** [124].

The rtatc parameters for the enantiomerisation of [M(thecl2)]® and
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Fig. 8. Exchange maditied 7547 Mtz "*C NMR spectra of 0.10 mol dm ™ [Li(tmeci2)CIOQ, in
2C-enriched [*H Jmeihianol. Experimental temperatures and derjved site lifetimes, ©, appear to the left
and and right of the figure (adupted from Ref. [119]).

[M(tmeci2)]", together with those for monomolecular metal ion and ligand
exchange, do not show obviously systematic variations (Table 7). This is probably
because the contributions to AG? 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
enantiomerisation is much faster than metal 1on and ligand exchange while for



Table 7

Parameters for enantiomerisation. diastereonier exchange. and ligand and met. :

enriched {*H }-methanol

ior exchange in *C

Species Enantiomerisation or diastercomer sxchange Ligand or metal 1on exchange

A(298.2 K AH? AS? ko (298.2 K) A AS; 10774 298.2 K

(s™h (kJmol™") (3K 'mol ™" (s™%) (k> mol ™) (JK 'mcl 1 (dm*mol ' N
[Li{thecl2)]™* 18500 41.3 ~-25.0 4240 37.7 —68.2 5.2

- - - 719¢ 300 -628 9.0
[Na(thecl2)}™* 7100 246 —88 332° 636 233 113

- - - 2094 68.3 3.4 71
[K(thecl2)]™? 7000 33.7 8.7 123007 0.3 28 REN.
[Littmecl2)]™® S2800 414 —19.7 23.0° 6.1 -64 R}

- - 18.2¢ 4.8 —70.3 2.5
[Na(tmeci2)]~* 1470 31.4 —78.8 < |47 -

_ - - << 504 - - -
[K(tmecl2)]™® 413 30.7 —24.7 3410 79 5325 2.7
A[Na(S-thpct2)}~* 125 26.2 —1'6 64.3° H28 0.2 40.6

- 49.0¢ 4.9 5.1 309

2 Ref. [118].
® Ligand exchange.

€ Li~ exchange. Ref. [116]
9 Na~ exchange.

© Ref.[119].

€ Refs. [117.130}.
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[K(thecI2)]*, monomolecular ligand exchange is approximately twice as rapid as
cnantiomerisation. The double nitrogen iuversion of [Na(S-thpei2)]* is twice as
fast as Na™ and ligand exchange and exhibits very different activation parameters.

The ™C NMR spectra of the Li* and Na' complexes of the smaller
[.4.7-tris( 2-hydroxyethyl )-1.4.7-triazacyclononane (theeY) {125] are consistent with
their existence as distorted trigonal prismatic six-coordinate A and A enantiomers
where the (wo paraliel trigonal planes are delincated by three oxygens and three
nitrogens, respectively. Molecular orbital calculations show that the trigonal twist
angle ¢ for A and A]Na(thee9)]t is 10.0° which compares with ¢=4.5" for
[Zn(S-thpe9))** in the solid state [120]. (¢ =0 for trigonal prismatic stercochemis-
try.) Both A and A[Li(thec9)]” and their Na* analogues enantiomerise more rapid'y
in mcthanol than their theel2 analogues as shown by A=1.11x10" and
227 x 10%s7Y at 2982 K, AHY=272403 and 201.74+02kImol "', and
ASt=-3635+13 and —69.6+12JK 'mol™! for [Li{thec9)]* and
[Na(thee9)]™ . respectively [125].

While *C NMR spectroscopy shows that A and A[Pb(thecl2)]** aiso have
approximate square antiprismatic stereochemistries analogous to those in Fig. 6, the
enantiomerisation rate s much slowed k(2982 K)=06550s"",
Al =60.4 kJ mol ! and AS*=30.6 ) K" mol ~! in methanol | by comparison with
those of their alkali metal analogues [127). Enantiomerisation of A and
A[Cd(tmeci2)]?* and its Hg** and Pb?* analogues for which £(298.2 K)=4130,
4570 and 56557, Al*=48.9, 39.1 and 44.1 kJ mol "', and AS*= —11.7, —43.9 and
—44.2 ) K~ mol 7', respectively, in methanol are similarly slowed [128). Over the
liquid temperature ranges of methanol and D,0, A[Cd(S-thpcl2)** and
A[Pb(S-thpcl12))** (A[Hg(S-thpci2)]** is insufficiently soluble for '*C NMR
studies) exhibit five '*C resonances consistent with the existence of a single approxi-
mately squarc antiprismatic diastercomer in ciach casc [128], probably of a similar
structure to that of A[Pb(S-thpcl12))2* in the solid state [24]. (Evidently, the rate
at which these diastereomers undergo the exchange process analogou« *. that shown
for their alkali metal analogues in Fig. 7 is in the slow cxchange limit of the '*C
NMR time scale) The log(K/dm®mol~!) values for [M(tmecl2)?* and
AIM(S-thpcl2))** in aqueous solution, where M2* =Cd?*, Hg?* and Pb**, are
12.6, 18.57 and 14.9, and 14.47, 18.63 and i5.74, respectively, which are much higher
than those of their alkali metal analogucs vonsistent with stronger coordination in
the heavy metal complexes.

Trivalent lanthamide complexes of octadentate ligands formed through the substi-
tution of pendant arms for hydrogen on the four nitroy 2ns of cyclen have generated
considerable interest because of their very high siabisues and kinetic inertness
[27,129-136] and their conscquant potential for use as contrast agents in magnetic
resonance imaging [132,137,138] and as nucleases | 135,136, 139]. Their high stabilit-
ies are exemplified by log(K/dm? mol ~')=28.2, 2.6 and 29.2 for [Eu{dota)]*~ and
its Tb** and Lu** analogues in water at 293.2 K {131]. Enantiomerisation processes
similar to those shown in Fig. 6 have been observed for A and A[La(thecl2)]** in
"H NMR studies in methanol [134], while only the A diastereomer is observed for
[La(S-thpcl2)P* and its Eu** and Lu** analogues [135]. In the solid state
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[Eu(thpci2)H,071 " is nine-coordinate with a structure midway between a capped
cubc and a capped square antiprism when the four a-carbons of the 2-hydroxypropyl
arms have R.R.R.S and 5.5.5.R chirality [136].

Two interconverting  isomers ol LAT7 10-tetrakis(icetato)-1.4.7.10-1etra-
azacyelodadecanencodymium( i), ' n(dota)] . where Ln=_La, Pr. Nd, Sm. Eu,
Tb. Dy, Ho. Er. Tm, Yb and Lu, have been detected in solution by 'H and '*C
NMR methods [ 140]. The relative stabilities of these isomers vary with the lanthanide
ion, and dota*™ is octadentate in both cuses. One isomer h:s cither a square
antiprismatic or & capped square antiprismatic structure (when a ninth coordination
site is occupicd by water) similar to the structures of [Eu(dota)H,0] [133] and its
Gd* [136.141], Y [141,142) and Lu** [143] amalogues. The other isomer has a
structure ciose to either a square prism or a capped square prism. Interconversion
of A und A enantiomers (Fig. 9) occurs in both isomers cach of which possesses the
same macrocyelic ring conformation. For isomerisation of the major to the minor
[Lu(dota)H,0] isomer, the minor to the major [Lu(dota)H.0] isomer. and the
enanticmerisation of both isomers £(298.2 K)=63.4, 340 and 1857} Al'=09.3,
54.4 and 100.5 kJ mol ', and AST=22.0, —14.1 and 116) K~ "mol !, respectively
[1407]. The slower and similar enantiomerisation rates for both isomers are ascribed
to the rigidity of the coordination cage of [Lu(dota)H,0] . Similar isomerisations
and enantiomerisations have been observed for { Yb(deta)H,0] ™ [144]. The substitu-
tion of a methyl group onto the imethylene carbon of cach arm to produce R chirality
results in the 1,4.7,10-tetrakis((R)-methylacetato)-1,4.7,10-tetraazacyclododecane

pr

dl )
ﬂ B \;f |

AR T

Fig. 9. The enantiomerisation and isomerisation of the major (A and B) and minor (C and D)
{Lutdota)] " isomers showing the macrocyclic ring conformations. The capping coordinated waler is
not shown,
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ligand, dotma ™., which forms two [ Yb(R-dotma)]™ complexes in solution. in one
of which a carboxylate group may be dissoctated [129].

When the macroeyelic ring size is inercased from 12- 1o 14-membered. as in
4.8 11 -tetrakis( 2-hydroxyethyl )-1.4.8. 1 1 -tetraazacyclotetradecane - (theel4),  the
macrocyclic hole radius mereases from ~ 127 to ~ 135 pm [28] and the number of
configuritional isomers with four nitrogens in i plane increases 1o five designated
as trans 1-V [21]. In miethanos the temperature variation oi the natural abundance
BC NMR spectra of {Cd(thec14))** and its He** and Pb** analogues are consistent
with theel4 assuming a rrany HI configuration in which two pendant arms are
coordinated by the metal centie. and with a transannular exchange process oceurring
as shown in Fig. 10 [144,145]. When the four 2-hydroxyethyl pendant arms are
HC enriched (99 atom%) the transannular oscillation is more completely character-
ised. An unusual aspect of the [Cd(theel4)) system is that the coalescence of the
two AB quartets in last exchange results in a singlet *C resonance because of a
reversal of the relative cliemical shifts of the two carbons in the monodentate and
bidentate pendant arms. This reversal is absent from the Hg=* and Pb?* analogues
and a conventional coalescence of two C AB quartets to one quartet is observed
in fast exchange (Fig. 11).

The kinetic parameters for tne transannular mechanism for [Cd(thecl4))** and
its  Hg2*  and  Pb?"  analogues  are  A(298.2K)=134200. 3130 and
1120051, AH =44.0, 38.0 and 454kJmol ', and AS'=—-10.6, —50.6 and
~152J K "mol 7', and the six-coordinate metal ion radii are 93. 102 and 119 pm,
respectively [35]. Thus, the increase in size of the metal ion on going from Cd**
tlo Hg** results in a decrease in the rate of the exchange process beciuse of the
more negative AS* for [Hg(thec14))**. This probably indicates that Hg?* is a tighter
fit for the molecular hole in thecl4 and a more rigid transition state results in which
Hg?* is in the tetraaza plane in a sterecochemistry similar to that of the postulated
intermediate species in Fig. 10. However, [Pb(thecl4)]** does not obey this trend
and behaves kinetically as if 1t is a smallzr ion. Lead(H) has two more clectrons
than Hg?*, and it has been suggested that they act as a stercochemically active lone
pair such that the coordin:ion chemistry of Pb** resembles that of a smaller metal
ion in macrocyclic complexes possessing three or more coordinating nitrozens
[114,146]. The intermediate shown in Fig. 10 has a similar structure to that o the
monodeprotonated Ni2* analogue in the ground state {147] in contrast to the ground

12+ T2, Tz
OH
0 TH O H OH
( H \OH (
N AN AN ¢ v
/ = }M ES \/ i
\/N / R / NS 2N /
H HO— HOHO-. ) ! ;'IO _J

possible reactive intlermediale

Fig. 10. The transannular exchasige mechanism proposed for [Cd(thecld)]* . and its Hg*' wnd Pb**
anglogues.
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Fig. 11, The exchange modified *C 75.47 MHz NMR spectra of the 996 C enriched 2-hydroxyethyl
arms of (A) |Cd(thec]4)]?" and (3) [Pb(theeld)] " in CDLOD. The experimental temperatures and
derived mean lifetimes of the 2-hydroxyethyl arms in the mono- and bidentate environments appeir to
the left and right of cach figure, respeetively. For [Cd(thee ) J(MC 1C)=39.0 and 39.3 Hz for the
downficld and upfield quartets, respectively. For [Phithec14)]* JCC HCy=40.5 and 40.2 Hz for the
downficld and uplicld gquartets, respectively (adapted from Refy. [144] and [145],

state structures deduced for [Cd(thec]4)]?* and its Hg?* and Pb** analogues. This
difference probably arises because the smaller Ni**, whose ionic radius is 69 pm,
fits more casily into the thecl4 macrocyclic hole.

The mechanism in Fig. 10 contrasts with that proposed for the intramoleculur
exchange between equivalent trigonal--bipyramidal structures of five-coordinate
[M(tmc¢)X ] (where M?* =Zn*", Cd?* or Hg?', tmc=tetramethylcyclam and
X~ is a monodentate anion) which proceeds through a Berry-type mechanism
involving rearrangements where tmc is in a folded trans 1 (cis 1) confliguration and
X ™ occupics an axial site [148,149]. It also contrasts with the mechanism where
five-coordinate [Pb{cyclam)X]** interconverts between folded cyclam trans V (cis
V) RRRR and S,S.S.S configurations [150].

6. Metallocyclodextrins

Cyclodextrins are homochiral cyclic oligosaccharides composed of from six to
thirteen a-1,4-linked n-glucopyranose units and are produced by the enzymatic
degradation of starch [13-17]. The a-, - and y-cyclodextrins are the most plentifully
produced and studied, and are composed of six, seven and eight p-glucopyranose
units, respectively, as shown in Fig. [2. They posscss annular structures whose wide
and narrow hydrophilic ends are d-lincated by C(2)H and O(3)H secondary, and
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Fig. 12, Schematic representation of 4=, 1 and y-cyclodextrin whose internal annubr disineters measured
from the Ce5) hydrogens are 470, 600 and 750 pm, vespectively, and 520, 640 and 830 pm measured from
the Ce3 hydrogens in Corey Piiling Koftun models. The depths of the annuli measured between the
rings delincated by the primary and secondary hydroayt groups are 790 800 pm [ 14,1 7], Thetr sepresenta-
tion as i trunecitted cone is also chown. A substituent drawn ot cither the narrow or wide end of the cone
indicates that o Tas either replaced a Co) hvdrona ! proup, or a C(2) or a C(3) hydroxyi group.

O(6)H primary hydroxy groups, respectively. Their hydrophobic annular interiors
are lined with methine and methylene groups and cther oxygens, The size of the
cyclodextrin annulus increases with the number of Imked p-glucopyranose units so
that -, - and y-cyclodextrin can partially or completely “include™ a wide range of
guests 1n their annuli to form host-guest complexes. also referred to as “inclusion
complexes™ [14- 17]. The vartation in size and the homochirality of the cyclodextrin
annuli provide opportunities for both size and chiral discrimination in this inclusion
process as indicated by differences in complex stability as the dentity of cither the
guest or the cyclodextrin is varied. Only sccondary bonding cxists between the
cyclodextrin and guest. Nevertheless, the inclusion complexes formed can exhibit
considerable stability, and the most stable inclusion complexes are usuaily formed
with substrates possessing some aromatic character,

While cyclodextrins can bind metal 1ons to form metallocyclodextrins, such com-
plexation is generally weak and involves the formation of hydroxo species {151
153]. Ths, most metallocyclodextrin studies are of modified cyclodextrins where
one or more hydroxy groups are substituted by a group which coordinates metal
ions to form binary metallocyclodextrins. Subsequently, a guest may include in the
cyclodextrin annulus and also coordinate to the metal centre to produce a ternary
metiallocyclodextrin, This is exemplified by our studics of the formation of binary
metallo-6*-{ 3-aminopropylamino)-6*-deoxy-p-cyclodextrins ([M{(BCDpn)}**) and
their complexation of the tryptophan anion (Trp ™) to form the ternary metatlocyclo-
dextrins  ([M(BCDpn)Trp]*) as shown in Fig. 13 and Table§. The
metallo-6*-(2-( N, N-bis( 2-aminocthyh amino)ethylamino)-6*-dcoxy-p-cyclodextrins,
[M(BCDtren)]** (1 in Fig. 14) and [M(BCDtren)Trp]™ are similarly formed [154-
156] (Table 8). The substitution of a [CD primary hydroxy group by

NH(CH,);NH, and -NH(CH,),N((CH,),NH,)), results in strong M2 binding in
the binary cyclodextrins which, nevertheless, is not as strong as that in [M(pn)]**
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Fig. 13, e formation of  binary  and ternary metallocyclodextring by

o -(3-aminopropylamine)-6*-deoxy-f-cyclodextrin,

and [M(tren)]?”, respectively, where pn is 1. 3-diaminopropuane and tren is 2,2,2"-

triaminotricthylamine [157] (Table 8). This probably reflects the steric hinceance to
M?2* binding caused by the BCD moicty in fCDpn and BCDtren, and differences
in the clectron donating powers of the sccondary amine groups in fCDpn and
BCDtren and primary amine groups in pn and tren, The stability variations for both
binary metallocyclodextrins with the nature of M?* arise through a combination
of M?** size and ligand field variations, and the higher stabilities of
[M(BCDtren)]**. by comparison with those of [M(BCDpn)}**, arise from the tetra-
dentate nature of fCDtren.

The binding of (R)-Trp ™ and (S)-Trp~ by [Ni(BCDpn)]>* shows a tenfold discrim-
ination for [Ni(BCDpn)(S)-Trp]*™ over [Ni(BCDpn)(R)-Trp]* while the Co** and
Cu?* analogues show smaller discriminations, and the Zn?* analogue shows none
[154,155]. This eflect of M 2* on chiral discrimination is coincident with the variation
of the ionic radii of six-coordinate Co?*, Ni?*, Cu?* and Zn?* which are 74.5, 69,
73 and 74 pm [35], respectively, and the jigand field imposed constraints in Co?*,
Ni#*  and  Cu?*  complex stercochemistry. It is  interesting  that
(Zn(BCDpn)(R)-Trp] ™ and [Zn(RCDpn}(S)-Trp]* are of the same stability, while
the analogous diastercomers for the other three metal ions differ in stability. The
absence of ligand field effects in d' Zn®* probably allows more flexibility in the
structures of [Zn(BCDpn)(R)-Trp]" and [Zn(BCDpn)(S)-Trp]* and as a result
enantioselectivity is decreased. In contrast, the d? electronic configuration for similar
sized Cu** imposes a tetragonally distorted octahedral stereochemistry which may
imposc restrictions on the interaction of the chiral centres of (R)-Trp~ and
(S)»-Trp~  with the BCDpn moiety and decrease the stability of
[Cu(BCDpn)(R)-Trp]* by comparison with that of [Cu{CDpn)(S)-Trp]". Similar
arguments apply in the cases of d7 Co®* and d® Ni** whose six-coordinate gcome-
tries more closely approach regular octahedra. The crucial influence of M2* in chiral
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Table 8

Stability constants for 6*-(3-aminopropylamine)-6*-deoxy-fi-cyclodextrins (BCDpn)*® and 652NN
-bis( 2-aminoethyl Jamino)ethybamino)-6*-deoxy-f-cyclodeatrin (§CDtren) metalloeyclodextring  and
related species in agueous solationd

Fquilibria involving M2 fog(KN'dm* mol 1)

M= =

Co?' Ni*' Cut' Zn*!
M2 4 pn=|M(pn))*’ 6.31 9,75
M2 4tren=[M(tren))*’ 12.7 14.6 18.5 14.5
MZ' 4+ PCDpn =[M{(BCDpn))* 4.22 5.2 7.35 4,4
M2 ' 4 BCDtren = [M(BCDtren)) .65 1729 12.25
M2' 4 BCDpnll! =[M(BCDpnH ) 2.5 31 309 30
M2+ CDtrenH = {M@BCDUrenl D] 840 .56 792
M3 4Tt =[M{Tp)]’ 4.4 542 811 490
[MBCDp)J* 4 (R)-Trp = MPCDpn)R)-Trp)]' 4.4 4.1 7.85 5.3
[M(BCDPM* +(S)-Trp  =[M(BCDpn)(S)-Tip]" 4.1 5.1 809 5.3
IMBCDtrem] * +(R)-Trp =[MBCDtren)(R)-Trp) ' 8.2 9. 8.1
[M(BCDUenm)? ' +(5)-Trp = M(BCDEen)(S)-Trp)* K1 9.4 8.3
[M(BCDIren)P ' +(R)-Trptl = | M(PCDtren)(R)-Trpli 4.6 4.3
[M(BCDtren) ' 4(5)-TrpH = M(BCDtren)(S)-TepH P 4.3 4.2
[M(BCDtrenli )I** + (R)-TrpH =[M(BCDtrenH MR)-Tepl | 3.56 44 4.82
[M(PCDtrentH)]* +(S)-TrpHl =[M(PCDtreni)(S)-TrpH 1 3.6 44 4.96
Equilibria not involving M?! tog(K/dm* mo! ')
BCD+(R)-Trp = pCD - (R)-Tep 2.33 : -
BCD+(S)-Trp =pCD-(8)-Trp’ 2.33 . .
fCDpn+(R)-Trp =pCDpn - (R)-Trp 141
pCDpn +(§)-Trp =pCDpn(S)-Trp- 3.40
BCDtren +(R)-Trp ™ =pCDtren - (R)-Trp 6.36 : -
fCDtren +(8)-Trp =fCDtren - (S)-Trp 6.5 - - -
" Ref. [154).
b Ref. [155].
¢ Ref. [156].

4 At 298.2 K and /=0.10 mol dm* (NaClO,).

discrimination in these systems is demonstrated by the lack of chiral discrimination
in the BCDpn-(S)-Trp~ and BCDpn-(R)-Trp~ complexes. A sintiar variation in
chiral discrimination is secn in the analogous phunylalanine anion metailocyclo-
dextrins [158].

The stabilities of the ternary metallocyclodextrins appear to be dominated by
three mujor factors: (i) the hydrophobic interaction between the guest and the fCD
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 BCD. 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(ECDtren)(R)-Trp}]* and
[M(BCDtren)(S)-Trp]* waere factors (i) and (ii) appear to dominate despite a
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Fig. 14. Schematic representation of some metallocyclodextrins,

considerable increase in  stability over that of [M(PCDpn)(R)-Trp]™ und
[M(BCDpn)(8)-Trp]™ {156]. The cifect of protonation of the guest is shown by
[M(BCDtren)(R)-TrpH]** where monodentate tryptophun ( TrpH ) does not coord.-
natc as strongly as bidentate Trp~ in the more stable [M(BCDtren)(R)-Trp}*. The
[M(BCDpn)(R)-TrpH]** species is not detected probably because it has a lower
stability reflecting the lesser stability of [M(BCDpn))** by comparison with that of
[M(BCDtren)?* where the tetradentate tren substituent coordinates M2* much

more strongly than does bidentate pn.
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The stabilities of PCDtren-(R)-Trp™ and BCDtren-(S)-Trp™ are ~10" times
greater than those for fCDpn - (R)-Trp ™ and fCDpn - (S)-Trp~ which are ~ 10 times
greater than those for CD - (R)-Trp ™ and BCD - (S)-Trp~ (Table 8). This variation
is atlributable to the interaction of the Trp™ aminocarboxylate group with the
narrow ¢nd of the cyclodextrin annujus such that Trp ™ egress is hindered more than
ingress by the substitution of a polyamine at the T(06) site of BCD. The stabilitics
of [M(BCDtren)(R)-Trp]™ and [M(PCDtren)(8)-Trp)* are greater than those of
MTip* and PCDtren - Trp~ consistent with the coordination of Trp~ by M?* and
the interaction of Trp~ with the CD annulus reinforcing each other to stabilise
[M(BCDtren)(R)-Trp]* and [M(PCDteen)(S)-Trp]*. However, while the stabilities
of [M(BCDpn)(R)-Trp]™ and [M(BCDpn}(S)-Trpj’ are greater than those of
BCDpn - Trp~. indicating the stabilising cllect of coordination of Trp~ by M2+,
they more closely approach those of MTrp* consistent with competition between
the Trp~ binding effects of the BCD annulus and M 2* in these ternary metallocyclo-
dextrins lowering their overall stabilities | 157].

Chiral discrimination by metatlocyclodextrins has lnd to their use as chiral discrimi-
nating agents in the mobile phase in HPLC enantiomeric separation. This is exempli-
fied by 6*[2-(4-imidaz-oly!)ethylamino]-6*-deoxy-B-cyclodextrincopper(ii) (2 in
Fig. 14) {159]. which complexes the (R)-enantiomers of several aromatic aminoacid
anions more strongly than their (8)-enantiomers [ 160,101]. Such (R)-cnantiomers
appear to form a more stable ternary metallocyclodextrin because the aromatic
moicty of the guest (R)-amino acid anion includes in the BCD annulus while that
of the (S)-amino acid anion does not. When 2 is used as the chiral discriminating
agent in the mobile phase in HPLC studies, the (R: :rantiomers of tryptophan,
phenylalanine and tyrosine elute ahead of the (S)-cnantiomers [160,161]. This is
because the amino acid anions partition between the mobile aqueous phase and the
non-aqueous stationary phase, while the binary and ternary metallocyclodextiins
arc insolul:ie in the latter phase. Thus, the enantiomer which forms the most stabic
ternary metallocyclodextrin spends less time in contact with the HPLC stationary
column and cluies first. The enantiomers of tne 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 cyclodextrin annulus is necessary to engender enantiosclectivity.

In contrast to 2, the wusc of 67[4-(2-aminocthyl)imidazolyl Jhist-
amino)-6*-deoxy-fi-cyclodextrincopper(1l) (3). as a chiral discriminalion agent
causes (S)-Trp™ to elute before (R)-Trp™ [162]. This reversal of enantiosclectivity
arises from the higher stability of the (5)-Trp~ ternary metallocyclodextrin which
appears to include the aromatic moiety of the guest inside the CD annulus,
while that of its less stable (R)-Trp ™ cnalogue does not. The complexation of
alanine,  phenylalaniie  and  tryptophan  anions by  6*-(2-aminoethylyl-
amino)-6*-deoxy-B-cyclodextrincopper( 1) (4), shows no me: .urable enantioselec-
tivity, but the nse of 4 as a chiral discriminating agent in HPLC studies results in
(R)-Trp~ eluting after ($)-Trp~ consistent with 4 very small enantioselectivity being
amplified by chromatography [163].

The ternary metallocyclodextrin, [Ni¢(BCDpn)(R)-Trp]™, shown in Fig. 13 incor-
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porates a metal centre in close proximity to a hydrophobic cavity containing a guest,
This resembles 4 Michaelis metalloenzyme complex, as do a range of ternairy metallc?-
cyclodextrins which have been studied as metalloenzyme mimics [164, 165]. The ﬁrs?l'
such reported study appears to be the catalysis of the deacyclation of pmnitrophen)}l
acetate by the metallo-a-t:yclodextrin 5 (in Fig. 14) [166]. Deacylation is accelerateld
by > 10° over the uncatalysed rate, and proceeds through acylation of the pyridines-
arboxaldoxime ligand followed by deacylation of the resulting acetate. Nevertheless,
catulysis by 5 is only four-fold more effective than that caused by tsie
pyridinecarboxyaldoximenickel (1) complex. It appears that while the 2CD annuls
of § retains the included p-nitrophenyl acetate in close proximity to the dlldelslg
pyridinecarboxaldoxime oxygen, significant freedom of movement exists for p-nitrio-
phenyl acetate in the annulus which may diminish the overall calalyuu effect of &,
The importance of llﬂ;e relative orientations of the ‘metal centrc dl]d guest Jin
the ternary metallocyclédextrin is illustrated by the 1000-fold rate accelcrdtmn
of the deacylation of p-nitrophenyl acctate caused by 6*-(1,4,7,10-tetra-
azadodecyl )-6"-B-cyclodextrincobalt (1) (6 in Fig. 14), and the smaller acceleration
caused by 3%-(1,4,7,10-tetraazadodecyl )-32-B-cyclodextrincobalt (111} (7) {157, 168].
The probability of the nucleophilic attack on included p-nitrophenyl acetate by a
hydroxo ligand bound to the Co®* substituent in 7 appears to be decreased by steric
hindrance. The [Co(cyclen)(OH)(H,0)]** complex has no catalytic effect but
6*-(1,4,7,10-tetraazadodecyl )-6*-B-cyclodextrin causes an 8.6 fold deacylation rate
acceleration under the same conditions. The influence of the metal centre on catalysis
is illustrated by the Ni**, Cu?* and Zn>* analogues of 6 which cause only 16, 14
and 12-fold accelerations of deacylation of p-nitrophenyl acetate, respectively [ 169].
Michaelis—Menten kinetics are observed for hydrolysis of p-nitrophenyl diphenyl-
phosphate in the presence of the Zn** metallo-p-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 BCD substituent is replaced by a methyl group
in the tetraaza macrocycle [170]. Zinc(II') appears to act as a bifunction:i 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 ternary
metallocyclodextrin arises from p-nitrophenyl diphenylphosphate being localised
adjacent to Zn**. While BCD substituted by diethylenetriamine at C(6) is not a
catalyst for the hydrolysis of ribonucleoside 2’ ,3"-cyclic phosphates, its Zn?* 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 metallocyclodextrins
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 Zn?* 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 dimers. The ternary
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metalioclclodextrin (9 in Fig. 14) formed when Zn*™* i mmultancously coordinated
by bis(histamino)-f- cyclodextun and imidazole resembles the active site of carbonic
anhydrazse where Zn?* is bound by three imidazoles at the base of a cavity formed
by the wrotein [173]. For CO, hydration, 9 is a substantially: better catalyst than
Zn*" alone, but dehydration of HCO; i not catalysed by 9 probably because
HCOj; soordinates too strongly to Zn?*

The s tudy of metallocyclodextrins as enzime mimics re presents an expanding and
excntuu_.g arca of research [164,174-179]. It should be remembered, however, that
metallornzymes have oplmmed their active site-substrate stercochemistries over
millions of years, and it is to be dntlupdted that significant mlsa,hgnments of catalytic
centre §nd guest are likely to arise in teriary metallocvclodektrins such that their
catalykif: activity will often be ow relative go that of metalloejzymes.
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