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Abstract

A review of recent resedarch carried ont at Adelaide m three areas of macrocyelic complex
chemistryv: {1} coronates, eryplates and related metal complexes: {1 metal complexes of
pendant arm macroevehe ligands; and Gin metallocyclodextring is presented. and the relation-
ship between complex stability. labibity and structure 15 explored. ©0 1997 Elsevier Scwence S AL

1. Introduction

The pronecring rescarch of the Nobel Laurcates for 1987, Pedersen [1.2]. Lehn
[3 7iand Cram [8 8] generated the coronands, eryptands. spherands and cavitands.
and has stimulated o great and enduring winferest mn the selective complexation of
metat 1oms and other species by macroeycelic lizands. Contemporancously, the charac-
terization ol onophorie antibioties [11.12] and the inclusion complexes of the
cyvclodextrins [13 19] gave new insights into the selective complexation processes of
mtturally occurring macrecyeles, Meanwhile. the syntheses of the letraaza macro-
eveles evelen [20] and evelam [21] generated a new impetus to the study of transition
metal complexes [22], and subsequentiy the attachment of pendant arms with oxygen
donor groups o these hgands extended therr compleving abilities 1o the alkali metal
and lanthanide wons [23 27|

This evolution of the chemistry of mucrocyelic coniplexes 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 research of others in three main areas: coronates, cryptates
and related complexes: metal complexes of pendant arm macrocycelic ligands; and
metallocyclodexirins. A linking theme throughout is the relationship between com-
plex stability, lability and structure, and the mechanistic insight which accrues.
Readers sceking a more comprehensive coverage are directed to some excellent
reviews of macrocyche chemistry [22.28 31]1n addition to the references cited above.

2. General aspects of coronates and crypfates

The chemistry of the coronands and crvptands (Fig. 1) which are remarkable for
their ability to complex alkali and alkaline earth metal ions in addition to other
metal jons to form coronates, [M{coronand)]” ', and cryptates. [M{cryptand ™.
respectively. has been widely reviewed [1 7.29 31]. However, because of the extraor-
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 arcund
their structures determined by X-ray crystallography. The coronands, as exemptified
by 18C6 possess puckered structures in which the oxygens are in a common plane,
and from which their name originates [32). Corenate structures are exemplificd by
[K{IBCGY " where the coronand ring opens to accommodate K~ in the mean plane
of the coordinating oxygens [33]. while in §Naf18C6)]* the coronand assumes u
conformation with one oxygen out of the mean plane of the other five to partially
encapsulate Na ™ [34]. The structure adopted by [K{18C6)]' s atiributable to K ',
whose cight-coordinate radius (ry) is 131 pm [35]. optimising bonding distances by
fitting into the 18C6H ring. whose hole radius is estimated at 130 pm from
Cory: Pauling- Koltun models | 36,377 and 140.5 pm from crystallographic data [38],
while interacting with two SCN  above und below the ring. These distunces are
optimised in | Na( 18C63] " through distortion of the rning to accommeodate the smaller
seven-coordinate Na” (ry =112 pm) which 1s also coordinated to a water. In
INa{15C3)]" [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 moedels and
103.6 pm from crystailographic data [36 38], and is also coordinated 1o one
SCN 7 and a water. Thus, although M ™ and coronand hole size are major compo-
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Fig. 1. Schematic representations of coronands and cryptands.
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nents determining coronate structure, interactions with counter ions and water play
a role in the crystalline state, and it is anticiputed that similar fitctors are important
in solution.

Because of the bicyelic structure of eryptands, the size relattonship between M
and the cryptand cavity is more clear cut than is the analogous relationship for the
coronands. Thus, m the crystalline state, cryptates may exist 1n an inclusive form
where the metal jon 1% at the centre of the cryptand cavity, and an exclusive form
where the metal ton is too large to it into the cavity and resides on one face of the
cryptand.  Such  inclusive  eryptates  are exemplified by [Li(C2IH)'  [40].
[Na(C221)] " [41], and [Na{C222))" (4] and its Rb' and Cs” unalogues [42].
{ Although eight-coordinale Rb ™ and Cx ™ ure substuntially larger than the estimated
0222 cavity size. this cryptand s suificiently flexble 1o accommodate them.)
Exclusive cryptates are exemplified by [NatC211)]" [43] and [K{C221))* [41].

In the formation of mucrocyclic metal compiexes the solvation energy of M and
the macrocyclic ligand. the hardness or sofiness of M7 and the macrocycle donor
atoms [44,43]. the number of macrocyele donor atoms. the relative sizes of M7 and
the cavity formed by the macrocyele. and the conformational changes accompanying
complexation all altect stabihty. The coronand 18CO shows u substantial sclectivity
in complexing alkali metal ions as is exemplified by the variation of the stability of
IM18CHY" in water for which logiKdm® mol ~'y=0.80. 2.03. .36 and 0,99, where
M =Na™, K", Rb" and Cs'. respectively. at 2982 K where A 13 the formation
constant [46]. A smilar selectivity s found in methanol, as indicated by
log{Adm®* mol Yy -4.42, 6,15, 5.35 and 4.37 where the stabilities are higher because
ol the decrcased ability of this solvent 1o compete with 18C6 for M ° |47]. The
mereased stability of [KOIRCH)] in methanol by comparison with that of the K-
complex of pentaethylene glycol. CHOW@CH 1,01 CH ;. the hincar analogue of 186
for which log(K-dm* mol 1= 2.20 [37]. (vpifies the generally greater stability of
the coronates comparced with the complexes of their lincar polvether analogues.
This is termed the “macrocyelic effect”™. The smaller 15C3 is selective Tor Na ™ as
indicated by log{K:dm?*mol '3-403 187 378 374 and 339, where
M= LiT, Na'. K7, Rb™ and Cs 7, respectively, at 298.2 K in propylene carbonate
[48]. The corresponding values for 18C6 are 2.70. 4,535, 6,08, 53.33 and 4.48. This
change in selectivity may be partly atiributed 1o the change in coronand cavity
radius which increases for 14C4, 15C5, 18CH and 21C7 tn the sequence 6k 85, 134
and 170 pm as ostimated from Corey Pauling Koltun models [36,37]. However,
change 1n solvent cur sometimes cuuse changes in macroeyehe selectivity for metal
ons as is discussed in Sections 33,

The formation of a coronate requires sequential desolvation and conformational
changes. but more than two steps are seldom kinetically characterised. Acoustic
studies of [M{I8CH}"™ mn water have been miterpreted in terms of ¢ mechanism
where 18C6 assumes a conformation appropriate to complexation of M 7' A,k )
prior to the complesation step (A, & )

[N ks
M ' 2 I8CHz= M +18C6 5 [MI18C6)Y (1)

ko, [
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For the first equilibrium 4, =6.3x 10%s Yand &_, =1 10" ¢ 71 ;1 2082 K. and for
the second 10 %%,=08, 2.2, 43. 44 and 43dm* mol 's " and 10 7k, -6, 3.4,
037 1.2and 44 s Tfor 1i". Na™. K", Rb" and Cs . respectively [49]. A different
maodel has been proposed tor [M(18C6) " in methanot where the initial step is the
formation of an encounier complex {k;-&. ;) where 18CH resides in the second
coordination sphere of Na' which is followed by deselvation and conformational
change in the second stage (A% 5
h K,
MTI8CH= M ™ LIBCe= [MIRCH)Y] (2
ko b
The (&4 ¥ equilibriuno lies to the right and 15 not kinetically characterised by the
acoustic technigue used. and 10 "4, =0.6. 28 and 1.85s ! for Li'. Na™ and K.
respectively, at 298.2 K [50]. A major difference between the mechanisms is that in
the (irst 18C6 assumes an appropriate conformation hefore M ' complexation and
vige-versa in the second, Nevertheless. in the absence of M 7| the conformational
equilibrium
N
18076 = 18C6 {3y
b
for which ko~2x 107571 and & ;- 2.04 x 1095 " s detected i methanol }50].
[rrespective of differences in mechanistic interpretation. these studies indicate that
some of the coronand and coronate rate processes are rapid and are solvent depen-
dent. The latter clect v found in our **Na NMR siudy of the Na ™ exchange
"‘\:
Na ™ 4+ 18062 [Na(18C6)]" {4}
k-l

where 10 "k,=>4.1. 1.5 and U1ldm'mol 's ' and 10 “k,—434, 72 and
1035 1 in acctone, methanol and pyridine at 298.2 K, respectively [S1]. The 4,
decomplexation step is a different und slower step by comparison with the & _, step
detected by the acoustie studies. and probably represents an carly stuge in the
resolvation  and  conformational  changes  leading 1o decomplexation  of
[Na(i8C6)j . The complexation k,—A4h" where K s the [Naf18C6)] " stability
constant.

The cryptands C211. C221 und €222 show a remarkable degree of selectivity for
alkali meta! fons which s mainly duc to the matching ol the tonic 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 eryptand cavities are most
closely matched. Although the eryptate stabilities generally increase with the decrease
i salvent 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 322,

Because M ' is isotated from the solvent in an inclusive eryptate its chemical shift
is almost invariant with change in the nature of the solvent while that of solvited
M has g significant solvent dependence. This was shown 1o be the case in “Li
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Tahie |
Varmtion of the eryptate stability constani in water at 298.2 K® with cavity adius, v and metal on
radius, ry,

Cryprand r logihdm? mol 'y
M- Li Na” K- Rb' v
= TH pn HEE pm 151 pm 16l pm 174 pin
211 & pm 55 32 22 <2 <2
22 [ HY pin 250 L40 345 2a5 <2
{222 140 pm =2 KR 5.4 4.35 <2
322 IR} pm <2 1.63 22 2 Y

CR

* Ref 4] The r, wre estimated from Corey Pavling Koltun wodeis.
P Rel [33] Sive and seven-coordinute ry are given for L7 omd Nao o respectively, Eight-coordinaie ry
are given for KL Rb™ and (57

NMR studies of [Li{C211)]" in a runge of solvents consistent with [LitC211)*
retaining its inclusive structure in solution [54]. In contrast. the *'Na shift of
INatC2I1)7 s sensitive to the nature of the selvent consistent with its exclusive
structure in solution [55]. For {Cs{C222) . (s NMR studies show that an
cquilibrium between inclusive and exclusive lorms of the cryptate exists in solution
while [Cs{€C211)]" und [Cs(C221)]7 exist in the exclusive form only [56 58] The
free cryptand may exist in three major conformations in selution. exe - ¢xa. exv -chdo
and eido endo where exe and ende indicate that the nitrogen lone clectron pair
points outwards from and inwards to the cryptund centre. respectively. In the
crystalline state the ende endo conformation is adopted in cryplates {40 43,59 61
and this appears to be the case in solution also. However, ucoustic studies are
consistent with a Tacile solvent dependent equilibriom existing between all threc
conformutions tor €222 in several solvents [62.63].

Acoustic studies of |MC222)) ", where M ' is Na', K'. Rb™ and (s, in
propylene carbonate are in accord with the rate processes

[ Ay LR
M4 C2222= M°LC2227 = M7 C222° 2 [MC222Y° {5}
LN oy LI

where A,k characterises the close to diffusion controlled formation of the
encounter complex M . .C2227 1n the exo cxve form, exclusive M~ .C222" is in the
exo eindo form and inclusive [M{C222)])" 15 in the endo endo form [64]. { When
M'=K" and Rb", 10 *%,=72and 6.0s ' and 10" "k,=11 and 7.6 ', respec-
tively, at 298.2 K.) These processes encompass a considerable number of rapid
desolvation and conformational changes in the formation of [M{C222)] ' and similar
processes also occur in other cryptate systems,

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

k,
M * +cryptand== [M(cryptand )] {06)

ka
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Nevertheless, such studies in combination with stability studies vicld valuable insight
into cryptate complexation processes. Thus. the general decrease in stability of
IM{C221)]" and [M¢C222} " as the donor power of the solvent increases, as
indicated by the Guimann donor number (£2) [69 711, is mainly the result of a
substantial decrease mn A, while &, shows a relatively snall variation with the nature
of the solvent [65.67]. This Is consistent with the transition state for the rate
determining decomplexation step more closely resembling solvated M and €221
or €222 than ether [M{C221)]" or [M{C222)]* | respectively [63).

Within this exiensive span of coronate and crypate chemistry we have studied
the complexation of metal tons by diza bibracchial lariat cihers. cryptands and
moditied cryptands as s discussed below,

3. Bibracchial lariat ether complexes

The tartat ethers are cither coronands or azacoronands with pendant arms attached
W one or more ring carbons or ring nitrogens. respectively [30,72], The diaza
bibracchial  Tavat  cthers  7.13-bis{ 2-hydroxyethy! )-1,4.10.-trioxa-7. 1 3-diaza-
cyclopentadecane (bheC21y and its 2-methoxyethy]l anmalogue (bmeC213 and
7.16-bis{ 2-hydroxyethyl -1 4,100 3-tetraoxa-7 16-diazacyclooctadecane {bheC22)
and its 2-methoxyethyl analogue (bmeC22 ) [ 38.73] cccupy a structural niche between
the  dinzacoronands 1410 trioxa-7.13-diazacyclopentadecane (€217 and
L4100 3-tetraoxa-7 1 6-diazacyclooctadecane (C22) (Fig. 2y and the cryptunds €221

COH Cle
A A A

LNU] {_Uvj L\;j

£y mcw K\(N:\

LNJ UJ i,u'

c22 bheC22 bmeC22

e

Fig, 2 Scliomatic representations of some divz coranands and bibracchial Taviag ethers.
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ad €222 (Fig 1), In the erystalline state [Na(bheC22)) 7. | K{bheC22)] " and
[Na(bmeC223 " adopt & sin configuration where both arms are on the same side
of the macrocyclic ring with eight-coordinate Na™ and K~ at the centre of a
crypltand-fike cavity. while [K{bmeC22)] " adopts an anef configuration with an arm
on either side of the macrocvelic ring courdinated to cight-voordinate K*' at is
centre {38, 73] This differcuce s attributed Lo the greater sterie crowding caused by
the methyvl groups i K(bmeC223] ', but packing forees may also contnbute to this
departure from the sra configuration. Similar structural data is not available for the
analogous [M{bheC21)] " and [M{bmeC 1} " species. However, as our X-ray strue-
ture of [K{C213] 7 shows K7 to be 141 pm out of the plane of puckered €21 [74)
and Na s substantially out of the mean planc ol [Na(15C53]) " [39]. the entry ol
Na ' oand KU ointo the macrocyetic hole appears less likely in [M{bheC213] " and
IM{bmeC21)] . This likekhood diminishes further for all four bibracchial fariat
cthers for Rb 7 and Cs” which are included in the solution studics discussed below
175 77].

The stabitity constants for the tour bibracchial cther complexes of the alkali metal
jons and Ag " together with those for C21, C22 [48.78]. C221 and €227 [32.53]
several solvents are collected in Table 2. Tor the alkalh metal complexes the general
decrease i stability as solvent Dy increases s o result of inereasing competition
from the solvent for M7 In o given solvent the increase in stability:
[(MIC2D] " < MibheC2EY] T ~[M{bmeC21)]) " <[ MC220Y 7. where the ligands
incorporate the fifteen-mcmbered diaza coronand ring, 18 @ conscquence ol the
tnereasing number ol oxyvgen donor atoms and the “eryptate effect” [4]. as » the
analogous varmtion [MC22) < [Mibhe(C22)] ~ [MibmeC22)] " <[ M{C2223)°
where the ligands incorporate the aghicen-membered diwa coronand ring. In propyl-
ene carbonate C21 and €22 are selective for Na ™ and K 7. respectively. while in
acctonitrile the stability of [LitC223]" approaches that of [Na(C22)] " which is
shghtly greater than that of [K{C22)] 7. This demonstrates the mfluence of changes
msolvation on osclectivity o these svstems. Qur [M{bmeC2D)]' and
[MibheC2i) . and [Mibme(22)] " data show changes i sclectivity from Li7 to
Na T, and from Na© oo K7oas the solvent £y increases. In contrast to the more
Aexible bibracchial crown cthers. the C221 and €222 eryptands remain selective for
Na™ and K. respecuively. m oo similar range of solvenis and demonstrate the
dominunce of the M 7 sive maich to 1hat of the cavity over solvation elfects in
determming selectivity,

While complexes ol soft acid Ag ™ {ry= 109 115, 122 and 128 pm for 5.6, 7 and
B-coordinmation [35]) are much more stable than thesr hard aaid alkali metad analogues
beciuse of a stronger interaction with the diaza donor atoms [79.80]. there remaing
some  size  sclectivity  in the  bibracchial e ether  complexes.  Thus.
[AgibheC21) " and |Ag{bmeC2H)] ™ arce slightly more stable than [Agtbhe(C22)]'
and [AgibmeC22y] . and [Ag{C221)]" is slightly more stable than [Ag(C222)]"
probably because seven-coordinste Ag' best nuatches the cavity sizes of the smaller
of each hgand patr. A substantial solvent dependence of complex stability also exists
with nitrogen denor acctonitrile competing most strongly with the mucrocyelic
ligands for Ag ™. In water logtK - dm*mol ') for Mg?*_ Ca®* . 817" and Ba®' in
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Tabie 2
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The variation of complex stability in several sohents al 2982 K
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Complex Soivent 2, kK dm* mol
M —
Ly Na~ K- Rb’ s
L2 rapylene carbonute kS A2 485 L]
M2 P I b [0 L W 4.83 225
(L Qs Aceioniirle 4. . 4 4 3.37 226
M2 21 | 14,10 4,39 445 337 Ll ¢
M2y rop lene carbonate RS A5 3. 2 .43
M2 P I b 150 358 4.31 T3 33
M2 Methunoed BN 1.07 1.0 2 1.2
oy
MibmeC2i Acetoniirile A" A3 A7 5.2 R 177
M{bmeC2¥ Y ) 140 Y1 5.1 24 4.39 i
[M{bmeC2 1 Propylene carbonate 14" 20 71 A 4.2 RES)
| M bmeC 2N Methanol ™ 300 489 4.69 397 146
235
{hmeC21) nnethyilwrnamide RN 223 3.50 3 2 -
M bimeC 21 [§] bl d 2667 ki 3.5 L1 HE] P 3
[MibmecC2 N Water BNk <2 <2 =2 <2 B
i
{M{bmeC22y) Acetonnrile 14.0F A Hn 7.91 6,19 524 J.41
{MibmeC22)) Propylene carbonate 1317 3] o8 6.0 3 44
(Mibme( 22y~ Methunol 1y 4" 247 437 K30 444 RN
235
I MebmeC 22y Dimethwlormamide 26 6" 192 1.3 142 A0 23N
| MebmeC22y) Wiater is1* 2 2 ! =2 72
KRR
M{bheO2 1] Acetonitrile S Ki 7400
M{bheC 21 & } 141 Kl £
| MitbheC 21y Methanol 1u.0" 245 471
AR
A(bheC21 imeihyllfermamide 206 2.3 KR 108 250 2l
M BheC2 L iy hyl d a® kL 193 ¥ 2
[ MR 223 [rimethyliormamide 260" 229 363 4.66 3560 136
(€221 Acetondtrile e 16,3 =113 9.3 7.27 S5
M2 A itril 400 0.33
(M2 Propylene carbonaie 151 PR 1241 HRK 703 4492
[RI(C220 0 Methanal 190" 538 948 554 &7 EIRX]
RATE
[MC2203) Dnmcthylivemande M 8K 7.93 6,06 RN ER!
[MRC222)" Accronirie A0 697 963 1i.3 G950 4 87
IM{C2223) Propylene cuthbonuic 13015 694 10,54 e wo &l
| MC222) Methanel we o 2a 794 1.4 RO =4
k! ‘\Iﬁ\‘-
[MC2229" Dimethylormamide 26.6° 617 T8 678 26

TR

2.2

ER

837

iR

1.7

9.9

82K

0

624
936

Y34

913

11.24
1350

464

12.41

oy
16,2y

12,26

14307

* Ref |4K].
> Rel. [69].
< Ref {78}

4 Refs. | 70.71].

“ Ref | 76].
“Rel {77].
*Rel {73
" Refl |33
" Rel [52].
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{MibheC213° " = ~2.4.86. 4.15 and 3.99. in [M(bmeC21)] " = <2, 2.8. 3.62 und
345, in [(MibheC22)]* " — <2, 4.08. 4.29 and 5.33. and in [M{bme(22)" = <2.
24, 3.64 and 4.36 [81]. Thus. the most stable complexes are [SribheC211]7 7 and
[Sr{bmeCZ1)]* try= 121 pm for 7-coordinate Sr**) and [Ba(bheC223 ' und
[Ba{bmeC22}]" " (=142 pm Tor 8-coordinate Ba® ). consisient with cavity size
being a significam 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
earth ions.

Our Li and “"Na NMR kinetic studies of the monomolecular M * exchange on
the bibracchial lariat ether [M1]° complexes

&
M +L:= (ML (7)
,‘-I
show that the greater decomplexation rate {44} of the bibracchial lariat cther com-
plexes is largely the cuuse of their lower stabilities (K =4, 4,) by comparison with
those of the corresponding and less flexible cryplates [82] {Table 3). For cach
complex. &, and A, characterise the slowest of the sequential steps in either direction.
While A4 arc similar for the L1° and Na~ bibracchial lariat ethers. the A} for the
former species are smaller but this is compensated for by their more negative ASY.
The faster acoustic method has detected two of the Na ™ compiexation sequence
steps in the formation of [NatRNISC5)]!

I IR
Na'RNISCS5= [Na ™ RNISUS) > [ NalRNISCS)™ (8
[ LI
where RNI3C5 is the single arm lariat ether,
I-methoxyethoxyethiyl-1.4.7.10.0 3-tetraoxa - 1-azacyelopentadecane [83]. The

(hok. =Ky step s the inttial complexation. where Na® remains outside the coro-
nand ring. and the second (A, L) step resubis in Na * being coordinated within the

Fuhle 3
raraineters Tor Liand Nooesehange mseveral complexes m methanot

Complex TR 2K) AA2U82K ) Afl} ASH
idm el sy (s tkimol ) 1JK '"mol 4
[LagbheC21 33 7y LN he
[Li§ tanseC 21 :}]h 22 197} M4 113
| L2213 |92 TN RERS 129
| NatbheC 224" RITAM 4iw 128 RNV
| Nard bme (22 3] i1 2430 59.9 20

PN 2225 b} 287

4 Rel [ 75].
* Ref, §70),
<Rl [R2).
S Rel | T
© Rel. [63].
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coronand ring and by the methoxyethoxyethyl arm with
Ly =9.0x10"dm*mol 's Lk ,=21x10%s5"" K, =429 dm*mo! . A,=1.2x
107¢ &k .=15x10s 'and K,=80 at 298.2 K. When R is replaced by CH,; the
corresponding data is E=90 < 10%dmPmol “ts A =59%107s L
K, =154 dm* mol ", hy=50x 1083 1 A 2=39x10%g ! and
K;=14.9dm’ mol . which demonstrates the complex stabilising etfeet of the meth-
oxyethoxyethyl arm.

4. Modified cryptates

The serics  4.7.13. 16-tetraoxa- 1, 1i-diazabicvelo[8.8.2 Jeicosane  (C2207,), 15
8.8 53 tricosane (C22C,)  and  -[8.8.8]hexacosane  (C22C,)  analogues,  and
4.7 13trioxa- 1, 1 0-diazabicyelo[ 8.5 S Jetcosane {C21C:}) shown in Fig. 3. may be
viewed as diaracoronands i which the two amine hydrogens have been substituted
by a (CH,}, bndge, where #=2. 5 and &, and are related to the cryptands where
this bodge 1s replaced by (CHLLOHCH)L00{CH L), - Because of this relatioaship
and their macrobicyclic nature, the members of this series are conveniently referred
to as modified crvptands and provide an opportunity to study the influenee of a
preformed cavity on sclectivity when one arm ik devord of coordinating groups.

Unlike the cryprands, the smallest member of the series. C23C,. has o clam-like
structure where the upper and lower  (CHLLO(CH O.G(CH L), jaws ave hinged
about the >N(CH.;LNT moiety [84 &R, ( The generic name. diptyehand, derived
trom ditypchos and meaning hinged double tablet has been proposed lor €220,
[84].5 The dihedral angle between the mean planes delinested by the two hinge
nitrogens and the paits of oxvgens in cach jaw 1s calculated [89)] as 88.4. 709, 806
and 100 from the erystal structures of C22C,, [L1C22C0] 7. [NafC22C)) 7 and
[K¢C22C,)] . respectively [B4 8] This variation of jaw angle presents the potential
for a different mode of sclectivity {or metul wons by comparison with that of the less
Bexible crvpiands discussed earlier in which metal jon selectivity s predontinantly
determined by the it of the metal 1oos (o the eryptand cavities.

In acetonitrile. log(A . dm?* mol '} lor [M{C22C )" varies in the sequence 7.8,
94, 72,050,944 and 104 when M- [0 . Na . K", Cs ., Ag” and T . respec-
tivelv, and the analogows values in dimethylformamide are 3.3, 6.1, 3.2, 2.7, 9.4 and

oy W E WY
QQ/Q/O L”\j ?\/N\j LN\ ]

C22C, C21Cs C22Cs C22C

Fig. 3 Schematic representations of some modilied eryplands.
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6.7 [89,90]. For the alkali metal ton {M(C22C,3] 7 there 15 @ decrease in stability on
going from acctonpitrile to dimethylformamide as the selvent Dy inereases, but the
most stable complex in both selvents s [Na(C22C) 7 consistent with there being
the least strain in its structure where the coordinated C22C, jaw angle iy close 1o
that observed in free C22C,. In {LI{C22C 31" the jaw angle is Tess than that in free
C22C, while in [K4C22C )" the jaw angle 15 greater. and in both cases it appeuars
that this results in structural strain which diminishes stability, "Li and **Na NMR
studies vield 107 342982 K3=760 and 135 dm mel ‘s ' A,298.2 K3=240 und
i23s LAMHE =225 and 640k mol 1oand ASH- - 124 and 951K 'Tmol !
for monomolecular metal ion exchange in [LiC22C,3)" and [NafC22C 4] . respee-
tively, in dimethylformamide [89.90]. Thus. the greater stability of | Na(C220,3°
arises from ity greater A, and smaller Ago by comparison with those ol
[LI(C22C,)] . The larger Ay tor [[i(C22CH] anses from a smaller AHY and more
ncgative ASH which probubly reflect the release of greater structural strain and
sigmficantly greater resolvation ol Li™ i the vansition state than is the case lor
[ Na(C22C,)] 7 in which structural strain is less and Na ™ is more exposed 1o solvent
m the ground state so that less resolvation occurs i the transinon state,

In dimethyllormanuide [ Na€C220,)) 7 isless stable than s Ag - and T analogues
because this hard base oxyvgen doner solvent competes imore clfectively with
C22C, for hard acid Na ™ than it does Tor soft acid Ag™ and T1 which show a
greater tendengy o conrdingte soft base nitrogen atoms [79.80], This etfect superim-
poses on the effects of cation size. In the solt base nitrogen donor acetonitrile this
competition changes so that [(NaiC22C,)] 0 stability mereases substantiadly while
that of [Ag(C22C,1 " iy vachanged. In dimethylformamide. the greater siability off
fA2(C22C 0] 7 by comparison with that of | TH{C22001 mainly reflects the greater
size of TV (rg- 130 pay and the greater stramn n | THO22C ). Howewver,
[THC22C] " becomes more stable than [Ag{C22C,)] 7 in acetonitrile probably
because the acwd characier of 17 Lies in between those of Ag” and hard acid K-
(91.92] and acctonitnle competes more elfectively for Ag' than tor T1

The modified cryptand. C21Cs, s directly comparable 10 €211 and our erysial
structures of [NafC2THSON and | NafC2ZTCHISON [93] show bath o form exclu-
sive eryptates with Na© positioned on o 153-membered trioxa diaza cryptand lace
with o SCN  within bonding distance. In fNa(C2ICHSON. Na ™ is 37 pm distani
(rom the tioxa plane. while in [INa(C211H|SCN Na s 14 pm from the trioxa plane
and the decreased distance is attributable to the Na ' nteraction with the lourth
C2IT oxygen which is 266.2 pm distant, Reflecting the smalley sive of Li . there is
no bonding interaction between Li7 and SCNin the inclusive | LyC2IC)SON
eryptate 947 as is also the case for inclusive [LC21TSON {44,

The presence of the fourth oxypen i [LicC211)] " and [NafC21HE)] 7 couses them
1o be considerably more stable than [LiC2HCH] and [NafC21C0] . respectively,
in dimethylformamide and other solvents us a consequence ol the greater clecirostatic
interaction of (211 with Li" and Na ™ than s the case tor C21C, [55.67.95 100)
{Tuble 4}, While inclusive {LIC211Y 7 s more stuble than exclusive [NagC2113] .
exclusive [NatC21CH " is more stable thun [LUC21CH) which, from “Li chemical
shift measurenments, appears o exist i an equilibrium between exclusive and inclusive
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Tabsle 4

Purameters for Lt 21C0] [ LaigC20] 7L [Nai20 ]

Sulvemt

.

[LuC20C)"
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Muthanei®

IrimethyTorm midy
1L il y
Acetomtrile
Serthanals

Bimeths ormamidy!

N 210

Acctonitnie?

Propylen: corbonaie?

Avetone?
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Dby Borniamide?
Pyridine®

[N 2|
PPropylene carbonute!
Witer:
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Trimethy Iphosphaaet

TriethyIphosphare!

Tri-n-botylphosphone’
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Ihvethy Lacetiede”
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Dhethy ! sulfoxide
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14.10
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51"
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Tt
hlowo
27 kb
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and [ NatC2I 0] i several solvents

Mk, hy A ASH log
wmtmel "s " ois Y (Klmel Y 0K (& :dm* mol !
415
0221 36 .1 G4 4 I
0073 114 kR K 1.50
!
L [0 iHsdd Ko
1,27 By 644 RN .y
Iins 4.8 379 13 AR
235 194 70,3 15.3 s
&4 A7h 4.4 6l R
8] I8 449 3L RIS
B 2R 300} Ji3 2RT
19 Yis 6% R 372"
210 L0036 §7e
4754 476 67.2 126 3.0
EANY A 61"
liv 6 [ R 622 202 S
1.3 g2 670 26 472
3 ib §4.7 ALA 494
vz 121 8§33 359 o
My 452 648 33 4.74
ek 15,2 67.] 4.4 30
14.3 4 H9, 3 7.4 4,63

R [9E
T ReC [0
S Rels [T
TRel [53],
CRell 52
R I6O
¥ Rer (67

"Rl [96],
8. Co L Gardda-Rosus ond 11 Schnader, 2 Phys, Chemo, B4 {198ty 317y,
Rel. [33].

LRl 9

i,

' Ref. [95]
Oy Marces, § Soln, Chemo. 1371984 399
Ral [47).
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forms in solution [95]. Thus, the lower swbility of [Li{C2IC)]" 15 probably u
consequence of the greater solvation energy of Li™ by comparison with that of
Na ™. The greater stability of [LU{C211)] " is mainly due to 1ts much lower decomplex-
ation rate {k,} by comparison with that of [Na¢C2113}". while the greater complex-
ation rate of [Na{C21C)]™ (k) causes it to be more stable than [LitC21C, " .

1t was noted i Section 2 that the decrease in stability of alkalt metal
[MC221 1" and [M(C222)] with increase in solvent Dy was largely because Ay
showed major increases while the changes in A, were relatively small [65]. A simudar
eflect is seen for [Na(C21CH]" (Table 4) and may be interpreted 1a terms of the
simplified reaction profile shown in Fig. 4, which refers only to the slowest complex-
ation and decomplexation steps of a multisiep process [671. Thus. AGH 18 set constant
to reflect its relatively small vanation with solvent by comparison with thut of
AGY. Because AG) 1s the difference between AGH and AGH. and AGY is the ditTerence
between AGH and AGE. both AGE and AGY are decreased by a strong donor solvent
because AG? is large and vice-versu for a weak donor solvent. (The deviation from
this pattern in pyridine may arisc because 118 mtrogen denor atom s embedded in
the aromatic rning und the resulting sterie hindranece renders it less able to compete
for Na* than s the case tor the smaller solvent molecules ) This effect s also
discernible for [Naf{C211)] " in propylenc carbonate, methanol and dimethylformam-
ide. However, as solvent molecular size ingreases sterie effects on solvation may
cause devigtions [rom the simple model proposed above,

The erystal structures of [M(C22CY " show a trend where Na© lies within the
meun plane of the four cryptand oxygens while K' s 36.9 and 44.1 pmy {there ure
two FK{C22C5)]) 7 spectes in the crystaly and Cs™ s 12996 pm above this mean
planc [101,102]. While the four oxygens of [Na(C22C)1" are almost perfectly
coplanar, deviation from coplanarity mereases progressively in the K oand Cs!

[Na{C21Cel ™ ynsowates

G
AGP = tree energy of complexation
AGE AG.? ~ activation tree energy of complexation
! AG4T = activation free energy of decomplexation
AGY aGT - structural rearrangement component of AG,*
¢ AG;* = solvation component of AG,*
/: _\
[Na{ cz21 cs:‘]‘so!vatcc

Fig 4. Free energy profile for [NadC21])
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analogues, and in none of these cryptates are the cryptand nitrogens in bonding
distanee of the atkali mewal ton. Compartson with inclusive [NatC2213] " and exclu-
sive [RAC221)] " discussed earlier {41). shows that the absence of a fifth oxygen in
INaiC22C0] 7 causes Na ' to intevact preferentially with the four oxygens in the
face of the crvptand and o become distumt from the two nitrogens. and that the
size of K excludes it from coplanarity with the four oxygens of | K{C22C 31" as it
does in [K£C2209] " ¢ An vousual feature of C22C 0 11,0.C10, is the position of the
H.O" oxvegen 66.6 pm above the plane of the four cryptand oxyvgens [ 102])

The alkall metal | MoC22CH) 7 show o variation in M7 selecuvity and are of
fower stubslity than [ MUC221Y]° which s selective for Na ™ [102,103] {Table §).
These differences are attributable to the greater electrostatic attraction between
Moand C220in [M(C2211] and the mehusive nature of [Na{C2213] 7. The weaker
mteractions in [ MoC22CH] " result in fower stabifities and 1oy selvauon of M ' being
mare influential m defermining  selectivity, A similar  relationship  holds for
[MUC2223) 7 and [M{C22C 0 1104]. Al four of the above eryptands may be viewed
as  derivatives ol monoeyvelic €220 and [MC220)7. [MiC22C5))°  and
(M{C222)] are more stable than [MC223] 7[185 107]{ Table 33, This 13 unsurps-
ing for fM{C221)) 7 and [MUC2225 0 because of thelr extra oxygen donor atoms
wndd the ervplate etfeet J4.5]. The enhanced stability of [M{C220)] 5 probubly a
consequence of tie Cgarm restricting conforniional Hexibility of the [8-membered
ring and blocking solvent aceess to M 7 on one side of [M{C22C33 7. (Some suppoit
for this is adduced from the sohd state where K lies in the phne of the four
oxyeens of [Ke20]7 [108] whike it lies above this plane in [K(C22C5)]" [102))
However. the stubility of [M{C22C] 7 s lower than that ol | M(C22C.0]7 and
approaches that of {M{C223]7 preswmably because of the greater flexibility of the
Cy wrm [104], The stabilities of the eryptates formed by C21C C220, C22¢; and
220, with bivalent metal ions largely reilect the mfluence of the same structural
fictors observed for their alkali metal analogues | 109,110,

5. Metal complexes of pendant arm macrocyelic ligands

Since  the syithesis of 47 10-tetranzacyclododecane  (eyeleny [20}  and
4R T-letnazaeyelotetradecane teyvelam) |21] and Hgands derived trom  them
(g, &) a ficld of complexation rescarch encompassing o wide range of metal 1ons
has evolved [22.28.29 31 111 We are purtivularly interested in the metal complexes
of the eyelen and cvelam denvatives whiere a coordinating pendunt arm is attached
to cach nitrogen of the macrocyelic ring [24.26.27.112 124 (Fig. 5). Within 1his
area our studies have been mainly concerned with the interplay between stability.
labdity and strocture m complexes of mono- and bivalent metal ons. and this is
reflected 1o the discussion which follows, Comparisons are made with the fascinating
chemastry of closely related trivalent lanthanide compleses.

The first alkall metal complexes of pendant arm macrocyelic ligands to bhe the
subject of  guantitative  stabiity  and  kinetic studies were those  of
A7 H0-tetrakis{ 2-hvdroxyethy] - U4 7 10 tetraazacyelododecane ttheel2) and s
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Table 3

Stabibiy constants Tor some ilkah metal compleses

Revivwy 66 71007 235 JxG

269

Solvent lopdA dmi' ol )
1S I
li’ N K' R~ Ox
(MIC220,]
Acctontrile Xt AT .20 Ao 437
Propylene carbonate® AR AN 750 1,600 6
Methanel ™ T 4 R 3.7 L
Dinethy Formiumide” 221 106 jas 342 20
(M2 150
Acetonitiileg” 10,33 ~L3 4.5 727 S5
Propylene carbonne® EX] 1204 UR8 T3 192
hMethanol? 238 Y (3 %53 h74 331
Drimethy ormamide” AN AR {6 313 al
M0
Acelanitnle” 7 186 R 385 313
Dt Hormenmidy 1.9 23 26 22 2
(MO
Acetondirile 0,97 PR 13 950 3T
Phoethy Hormamide [ TN HIR IS
(M2
Acetenitnle 4397 4 4yF 4,35 iage 2050
40 4,32 2480
* Ref. [102].
" Ral, 103,
CRel [53].
4Rer [32).
< Rel, | 104,
'Rel [105].
Rl | 106,
"Rl (7]
X = H lcyclen) X = H (cyclam)
XN NX X = CHCH,OH [thect?) XN MX X = CHj ftmc)
X = CHCH,OCH, jtmect2) X = CH,CHOH (theci4)
X = {5} CHo{CH,JCHOH {S-thpe 2}
XN N XN N

X = CH;CO,  {dota®)
X = (SFCHICH,ICO, (S-dotma*)

L

Fig. 3. Schematic reprosentations of sume tetrnaz-macrocyelic gands.
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2-methoxy {tmect?) aad (S)-2-hydroxypropyl (Sthpei2y analogues {Fig 6 and
Ire. 7y [T13,116 - 120]. These three ligands form complexes with all of the alkali
metal ions and Ag . and their stability constants appear in Table 6. It s seen that
metul 1on selectivity 1s Iess thun for the cryptates discussed earlier, and that there 1s
a strong dependence of complex stability on the nature of the solvent, and on the
figand. This is consistent with complex stability being dominated by a4 combination
of {1} the solvation cocergy of the alkalt metal ion, (1) the electiron donating power
of the solvent as mdicaied by Dy, {ni} the coordinating power of the hgand denor

A epantiomer A gnantiomer
1.

<\'o_n\ C/‘“/7

N\ e N
éﬁﬁ7 \\RO :i__h t’ﬁ ,f'/ , R% %EZIE :—.Ehgén 2
0\5 A/_/ ligand = t_mec?i2

g8t

M Q\-M‘_;% + M kc///- M, kg
( . acj "

N

Frg 6. Enentiomerisation of A and A[MttheeI2] 7 and 3 and A[Mmec) 2] and M exchange in both
systems. The A and A enantiomers are those where the pendant arms assume o clockwise and anticlockwise
chirglity, respectively, when the structure is viewed from the centre of the four oxygen plane looking
towards M and the mitrogen plane heyomd,

T 1. Mo H 1.

EQ Pt \X/a\ i’"x? .
Q“‘ %\ a@/”\ﬁo /)

g/w S
o3
Me' f 2 Ma H Me
® a
A A[MIS-thpei2))® B AM{S-ihgci2)” C AMiSthpe1 2y

Fig. 7. The exchange process For equivalent forms ol the A[Na(S-thpe!2)]' diastercomer. A and B,
leading 16 the exchimge of the macrocyele carbans between environments o and b, The ondeiecied
AlNagd-thpel 20 dstercomer is shown as O The A and A diastereomers are those where the peadant
army gssuie o clockwise and anti-clockwise chirality. respectively. when the structure » viewed down
the C;axis from the four axyeen plane looking towards Na ™ and the nitrogen plune bevond. The rotativn
of the plane detmeated by the four oxygens away from echipsing that delineated by the four nitrogens is
exastgperated for illustration purposes
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Table 6
Variation ol stability of [Mothee) 23 {Mitmeei 2y and [MIS-hpel 23] with M7 and sohvent a
2982 K and 7003 moldm H INEGCIO )

Sulvent log (A dm?® met )

M=

Li~ N K- Rbv' (& BYN
| Mithecl2y]
Acetonitrile ®.07 tr.60r 340 1 290 B35
Propylene carbonan $.90 749 Y| 4.21 .04 14.40
Methanol RRE] 242 20 {80 1257
Dimeihyilormanide 149 1.59 [ 1.2 1116
(Mitmeci2)) ®
Acctonitrie Y34 PR R 607 485 R 12,30
Propvlene carbonute R0 8.2 6.7 6.2 153
et hined 11 .2 ER kAl X3 4.2
Dhimethylformonide RX: ) 563 62 RAER) R 13,73
Waler w2 L o2 B <2 1282
[MES-hpe) 230
Methanel BRI ER 5 R 12 12.8

* Rels, 116 THK],
b Ref {19,
* Ref. [124].

groups. and (ivy the ability of the ligand to assume & conformation which optimises
bonding with M ~. Thus. as the selvation chergy of M 7 increases with D the
balance among {1} (1v) changes and the variation of complex stability with the
nature of M 7 changes. The change from hydroxy (o methoxy groups in theel2 and
tnec| 2. respectively. causes a substantial increase m stability attributable to the
greater electron denor power of the methoxy groups. Differences in stability between
IM(thee12)]” and [MiS-thpel23] are probably due to a combimation of the hydro-
phobicity and the stereochemica! effects of the methyl groups of the fatter complex.
The stabilities of the Ag™ complexes are substantially greater than thewr atkali metat
analogues because the soft acid nature of Ag™ causes it to coordmate the macrocyele
amime groups more strongly, In keeping with this, the Ag® complex stabifity iy
decreased in nitrogen donor acctonitrile.

Both theel2 and tmeci2 are achiral and O 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. [n the solid state, however. [Litthec!23]" and
its Na ' and K© analogues are five-. seven- und eight-coordinate, respectively, with
all Tour macrocyelic nitrogens coordinating, but with the coordination ol all four
hydroxy groups only occurring in {Kétheci 2" [112.121,122]. Thus. differences in
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coordination number in the solution and crystalline states are attributable to packing
forces and inter-complex hydrogen bonding in the latter state.

The solution coordination numbers and stereochemistrigs of [M{theci2)]” and
[M(tmecl2)] ™ are derived from slow exchange ''C NMR specira where a single set
of resonances for the pendamt arms show them fo be equivalent while the two
resonunces arising from the macrocycle ring carbons show them to exmt as two
tnequivalent sets {Fig. 81 As the temperature increases the macrocyelic ring reso-
nances (a and by coalesce through cnantiomerisation while the pendant arm res-
onanees (¢ and d for [Mitheel2)]) . and ¢. d and ¢ for {M{tmec]2)} "} show little
variation other than some narrowing and small chemical shifi changes associated
with decreasing viscosity und changing diclectric constant. This 15 consistent with
exchange occurring between the approxmmately square antiprismatic A and A enanti-
omers of [M{thect2)] " and [Mumec! 23] i which the square planes are delineated
by four oxygens and fowr mitrogens [117 119] (Fig. 6). This enantiomerisation
inverts cuch nittogen as a consequence ol the exchange of the macrocyelic nog
ciarbons between environments a and b

The introduction of a chiral centre o cach pendant arm in 14,7, 16-tetrakis((S)-
2-hvdroxypropyi )-1.4 7. 1 0-tetraazacyciododecane {(S-thpel2y promises the forma-
tion of A and A[Na(S-thpel2)]' diastercomers on complexation of Na ™ { Fig. 7).
Each diastercomer should exhibit a set of five PO resonances. however. at low
temperatures only one such set of resonunces s observed consistent with either only
the A or only the AINa{S-thpel12)]™ diastereomer existing at detectubic levels. or
both dwustercomers having very simitar chemical shifts [120]. As temperature
increases the macroeyclic rmg resonances (o and b)) coslesce. and minor non-
exchange induced changes occur iy the pendant aem resonances (0 d and ¢) i an
analogous manner to that seen m Fig, 8. as do the corresponding resonances for
the Li7 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]. Subsequently, our molecular orbital calculations through
Gaussian 94 using the LanL2137 basis set [123] showed the very much more stable
diastercomer to be Al Naf{S-thpcl2)]' which has a distorted cubie structure (twist
angle ¢ =353 ) delincated by the parallel planes of the four oxygens and the four
mitrogens. Thus, o now scems likely that the exchange involves the wentical
AfNatS-thpel2y) " diastereomers as shown in Figo 70 an interpretation which
also cxplains the observation of only five "*C resonances at low temperature. {A
sumtilar mterpretiation applics o frec AS-thpei2 for which
A(2982K)y=34800s" 1 A =539 kimol ' and AH'=2281K '"mol ') This
exchange has no eticet on the pendunt arm environment. but exchanges the macro-
eyclic ring carbons between environments a and b, While the sequence of cvents
producing the exchange is unknown, it is clear that cuch nitrogen has o underge
two mversions. and that a single inversion of all Tour nitrogens would produce the
undetected A[M(S-thpel2}]  diastercomer. In the crystalline state only the A chiral-
ity has been found as  exemiplificd by  A|Pb(S-thpei2yts JIi4] and
A|Bi(S-thpel 23" [124].

The ratc  paramcters for the  enantiomerisation  of [M{thec!?)]  and
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Fig 2. Fxchange modified 7547 MHz "“C NMR spectra of 000 moldin * [Litonec12 10K, in
"*C-enriched |21, [methanol. Experimental temperatures and derived site fifetimes. 7. appear to the left
ansd and right of the figure fadapted Irom Rell [119]).

IM{tmeci2}]™. together with those for monomolecular metal fon and ligand
exchange, do not show obviously systematic variations { Table 7). This is probably
because the contributions to AGY vary in relative magnitude with M and the ligand,
and arise from a range of sources which include the metal to ligand bond cnergies
and the muagnitude of strain in the hgand. 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(thecl2)] ', monomolecular ligand exchange 1s approximately twice as rapid as
enantiomerisation. The double nitrogen inversion of [Na(S-thpel2}™ 15 twice as
fast as Na~ and ligand exchange and exhibits very different activation parameters.,

The **C NMR specira of the Li' and Na~ complexes of the smaller
{.4.7-tris{ 2-hydroxvethyl }-1.4.7-triazacvclononane {thee$y [125] are consistent with
their existence as distorted trigonal prismatic six-coordinate A and A enantiomers
where the two parallel trigonal planes are delineated by three oxygens and three
nitrogens. respectively. Molecular orbital caleulations show that the trigonal twist
angle ¢ for A and A[Na(thec9)]' 15 183.0° which compares with ¢=45 for
[Zn{S-thpeY}])* " in the solid state [126]. (¢=0" for trigonal prismatic stereochemis-
try.} Both A and A]Li{thec9)] " and their Na * analogues enantiomerise more rapidly
in methanol than their thecl2 analogues as shown by A=1.11x14" and
327x10%s7"  ar 2982 K. AMF=272403 and 21.7:-02KImol ', and
A8t = -363+13  and 69.6412JK "mol ' for [Lifthec)]” and
[ Na¢thec9)| ™, respectively [125].

While 3 NMR spectroscopy shows that A und A[Pb{thecl12)* " also have
4pproximale square antiprismatic stereochemistries analogous to those in Fig. 6. the
enantiomerisation rate is much slowed (2982 Ky=6550s !,
AH =604 kI mol ' and AST =30.6 ) K™ "mol 'in methanot! by comparison with
those of their alkali metal analogues [127] Enantiomerisation of A and
AlCd(tmect2))F ™ and its Hg®' and Pb? ™ analogues for which 4{298.2 Ky=4130,
4570 und 565s 1, AHY =489, 39l and 341 kI mol ' and ASt= - 11.7, 439 and
442 1K "mol ! respectively, in methanol are similarly siowed [128]. Over the
liquid temperature ranges of methunol and D0, A[CHS-thpel2i]' and
A[Pb(S-thpeI2)]* " (A[Hg{S-thpel23)®° is suefiicicatly seluble for '*C NMR
studies? exhibit five '*C resonances consistent with the existence of a single approxi-
nuitely square anbiprismatic diastereomer in each case [128]. probably of & simitar
structure 1o that of A[Pb{S-thpel2)?” in the solid state [24). ( Evidenty, the rate
at which thesc drastercomers undergo the exchange process analogous to that shown
for their alkali metal analogues n Fig. 7 is in the slow exchange himit of the *C
NMR  time scaley The log(K dm*mel 'Y values for [Mtmecl2)P'  and
A[M{S-thpe!2)* " in agueous solution, where M2 =Cd? . Hg®" and PO? . are
126, 18.57 and 149, and 14.47. 18.63 und 15.74, respectively, which are much higher
than those of thetr alkali metal analogues consistent with stronger coordination in
the heavy metal complexes.

Trivalent lanthanide complexes of octadentate Hgands formed (hrough the substi-
tution of pendant arms tor hydrogen on the four nitrogens of cvelen have generated
considerable interest because of their very high stabilittes and kinelic inertness
[27.126 136] and thewr consequent potential Tor use as contrast agenis i magnetic
resonance imaging [ 132,137,138 and as nucleases [ 135,136,139, Their high stabilit-
ies arc excmplified by log{K.,dm" mol "1)=28.2, 28.6 and 292 for {Eu(dota)]’  and
its Th* " and Lu®’ analogues in water at 293.2 K [131]. Enantiomerisation processes
stmilar to those shown in Fig. 6 have been observed for A and A|La{thecl2W¥ in
'H NMR studies in methanol {134), while only the A diastereomer is observed for
[La{S-thpel2)F* © and its Fu*” and Lu®' analogues [1351 In the solid state
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[Euf{thpcl2311,0])* " is nine-coordinate with a structure midway between a capped
cube and 4 capped square antiprism when the four x-carbons of the 2-hydroxypropyl
arms have R.R.R.S and §.5.5 R chirality [136].

Two interconverlng  somers of 147 10-tewrakis(acetato)-1.4.7. 10-tetra-
azacyclododecanencodymivm (11T, | Lntdot)] ™. where Ln=Lia, Pr. Nd. Sm. Eu,
Th. Dy. Ho, Er. Tmo Yb and Lu, have been detecied in selation by 'H and V¢
NMR methods [140]. The relative stabilities of these somers vary with the lunthanide
ion, and dota? is octadentale in both cases. One isomer has either a square
antiprismatic or a capped square anliprismatic structure {when a ninth ceordination
site is occupied by water) similar to the siructures of [EutdotyH0] [133] and 1ts
Gd*™ [136,141]. Y*' [141.142] and Lo’ [143] analogues. The other isomer has a
structure c]o«;c to cilhcr a squurc pi'i~sm or 4 cappcd '\squarc pris‘m [nlcrcomcr&;ion

SRIe lndLl’OL}{_ilL. ring umlmmdnon }m womerisation of the major to IhL miner
[Lutdota)H,Q) isomer. the minor o the major {Lu(dota)H.O] isomer. and the
enantiomerisation of both isomers (2982 K)y=03.4. 340 and 85 'L AH =069.3,
4.4 and 1005 kI mol ' and AST=220. --14.1 and 116 J K "mol ', respectively
| 140]. The slower and sinilar cnantiomerisation rales for both 1somers are ascribed
to the rigidity of the coordmation cage of [Lu(dotu)H (3] | Similar isomerisations
and enantiomerisations have been observed for [ Yb{dota)H,0] * [144]. The substitu-
tion of a methy] group onto the methylene carbon of cach arm to produce R chirality
results in the 147 [0-tetrakisti R Fmethylacetato)-1.4.7. 10-tetraazacyelodedecane

Fig 9. The cnamiomerisation and somenisation of (he major tA and By and minor (& and
[Lutdota)] isomers sbowing the macrocyelic ring conformadions. The capping coordinated water is
nei shown,
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ligand. dotma® . which lorms two | Yh{R-dotma)]  complexes n solution, i one
of which a carboxylate group may be dissociated [129].

When the macrocyehic ring size is increased from 12- 1o [d-membered. as in
i.4.8. -tetrakis{ 2-hvdroxyethyvl -1 L & 1 E-tetraarzacyclotetradecane (theeldy,  the
nracrocyelic hole radius wercases from ~ 127 to ~ 135 pm 28] and the number of
configurational somers with four nitrogens in a plane increases to hive designated
as mreens [V [21] In methanol, the temperature variation of the natural abundance
PCNMR spectra of [Cdtthee | )7 and its Hg™ ' and P~ analogues are consistent
with theeld assunung a fraay T configuration in which two pendant arms ane
coordinated by the metal contre, and with o transannular exchange process aceurring
as shown in Fig [0 [144,145]. When the four 2-hvdrosyethyl pendant arms wre
PC enriched (99 atom% } the transannular oscillation s more completely character-
ised. An unusuad aspect of the [Cdithee 437 7 svstem is that the coalescence of the
two AB guarlets in fast exchange results in g singlet "*C resonance becaase of
reversal of the relative chemical shilts of the two carbons in the monodentate and
bidentate pendant arms. This reversal 15 absent from the He” ' and PBY 7 analogues
and a conventional coalescence of two O AB quartels to one gquattet is observed
in fast exchange (Fig 1),

The kinetic parameters for the transannular mechanism for [Cdtthecl )] and
its - Hg*™  and  Pb" analogues  are  A{2982K)}—34200. 3130 and
E200s U AN =440, 380 and 434kl mal ' and AS'= 106, S0 and
- 15.21K '"mol ! and the six-coordinate metal ion radii are 95, 102 and 119 pm.
respectively [35]. Thus. the increuse in size of the metal ion on going from (d7
to Hg” ™ results in a deerease in the rate of the exchange process because of the
more negative ASH {or [He(thec 1437 . This probably indicates that He? * s o tighter
it for the molecular hole in theeld and o more rigad transition state resulis m which
Hg” ™ s in the tetraaza plane i a stercochemistry similar to that of the postulated
imtermediate species in Fig 100 However, [Pbtthecl4))?  does not obey this trend
and behaves kinetically as i it is a smaller 1on. Lead( 1) has two more elecirons
thun Hg? ", and it has been suggested that they act as u stereochemically active lone
pair such that the coordination chemistry of Ph? " resembles that of a smaller metal
ion i macrocyelic conplexes possessing three or more coordinating aitrogens
[114.146]. The intermediate shown in Fig. 10 has u simalar structure o that of the
monodeprotonated Ni* 7 analogue in the ground state [ 147]in contrast Lo the ground
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Fipg 10, The trsanpular excianige mechanism propesed Tor [Cdiihec )i and s Hp' nd Ph
analogues,
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Fig. 11 The exchange medified "0 7547 My NMR speara al the 99 MO enriched 2-hydrosyethnd
arms ol AL [Cdithecl )P and (B [Pbhithec 143 in CDLOD. The experimental temperalures and
derived mcan liietimes o the 2-hydroxvethyvl arms in the mong- and bidentite environments appear
the tell and right of each figure, respectively. For (Cdithect )] A0C YOy 390 and 393 He for the
downiicld and npticld quartets, respectively. For [Phtthecl 43 AP0 70 - 08 and 0.2 by for the
dawnfichd and uptickd quartets, respectively tadapted from Rets, [ 144] and | 143])

state structures deduced for [Cd{thecl4) and its Hg? " and Pb** analogues. This
ditference probably arises because the smaubler Nit ', whose ionic radius is 69 pm,
fits more easily into the theeld macrocyelic hole.

The mechanism i g H} contrasts with that proposed for the intramolecular
exchange between eguivalent trigonal bipyramidal structures of five-coordinate
[M(tmc)X | (where M*" =Zn* ", Cd?" or Hg®' . tme=tetramethyleyclam and
X 1 a monodentate anion} which proceeds through a Berry-type mechuanism
involving rearrangements where tme 18 m a folded rrans 1 (civ 1) configuration and
X occupies an axial site [148.149]. 1t also contrasts with the mechanism where
five-coordinate [Phicvelam) X 27 interconverts between folded cyclam trans V (ois
V1 RERRRand §$.5.5.5 configurations | 1307,

6. Metalloeyclodextrins

Cyclodextrins ure homochiral eyvelic oligosaccharides composed of from six io
thisteen -1 4-linked p-glucopyranose units and are produced by the cnsymatic
degradation of starch [ 13 17]. The »-. i- and v-cyclodextnins arce the most plentifully
produced and siudied, and are composed of six, seven and eight n-glucopyranose
units, respectively, as shown in Fig. 12, They possess aumular structures whose wide
and narrow hydrophilic ends are delineated by (M 23H and O 3}H sccondury, and
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Fig 12, Schematic representation of -, {3 and w~cvclodexirin whose internad amnulae demeters measered
from the O3 hydrogens e 37100 600 and 750 pnu respectively amd 3200 640 and 830 poa mensared Trom
the 03y bydrogens s Carey Pauling Koltun moedels. The depihis of the ainuli measared between the
rings delineated by 1he primary and secondary hydrosyl graups wre 7990 800 pin | 1417 Thein vepreseita-
tion s @ trunecated cone toalwe shawin, A substituent drawn at ¢ither the narrew o wide cind ol the cony
wdiates that i has civher replwed o Codo hydroxal group, of a CO2 3 or o CO3r bndroay ) group.

Oe63H primary hydroxy groups. respectively, Their hydrophobic annudar interiors
are lined with methine and methylene groups and cther oxygens. The size of the
cyclodextrin annulus increases with the number of linked p-glucopyranose units so
that -, B- and y-cyclodextrin can partially or completely “include™ a wide range of
guests 10 thewr annull o form host - guest complexes, also referred 1o as “ictusion
complexes™ (14 17] The variation in size and the homochiraiity of the eyclodextria
annull provide opportunities for both size and chirad discrimination in this inclosion
process as indicated by differences i complex stability as the wdentity of cither the
guest or the cyclodextin s varied. Ondy secondary bonding exists between the
eyelodextrin and guest. Nevertheless, the inclusion complexes formed can exhibit
constderable stability, and the most stable mclusion complexes are usually formed
with substrates possessing some aromalic character.

While eyclodestring can bind metal 1ons 10 Torm metallocyelodexirins, sucl com-
plexation is generally weak and involves the formation of hydroxe species | 1510
153 Fhus, most metaliocyclodextrin studics are of modified cvelodextrine where
oie or more hydroxy groups are substituted by a group which coordinates metal
tons 1o torm binary metallocyclodextrins. Subsequently, a guest mayv inciude in the
evelodextrin annulus and also coordinute o the metat centre to produce a ternary
metallocyclodexirm, This 1s exemplified by our studies of the formation ol binary
metallo-6*-{ 3-aminopropylaniino }-6-deoxy-f-cyclodexirins (MBCDPNI) y and
their complexation of the tryptophan anton ¢ Trp ) to form the ternary metalloeyelo-
dextrins ([M(BCDpmiTrp] r as shown in Fig 13 and  Table 8. The
metallo-63-( 2-( V. N-bis{ 2-uminoethyl Jaminoethylamine)-6*-deoxy-f-eyvelodextrins,
IMEBCDtren) ™ (1 in Fig, 14y and | MiBCDtrem)Trp| are similarly Tormed | 154
1561 (Table 8). The substitution of a BCD primary  hydroxy group by

NH{CHNH; and . NH{CHLLNCH )N, resulis in strong M7 binding in
the binary cyclodextring which, nevertheless, 1s not as strong as that in [ M{po))”
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and [Mtren)}* " . respectively. where pn is [.3-diaminopropane and tren 18 2.2°.27-
trinminotriethyliumine {157] ( Table €). This probably reflects the stene hindrance to
M~ hinding caused by the BCID moiety in BCDpn and BCDtren, and differences
in the clectron donating powers of the secondary amine groups i JCDpn and
BCDtren and primary amine groups in pn and tren. The stability variations for both
binary metallocvelodextring with the nature of M?7 arise through & combination
of M?** size and ligand field vanations, and the higher stabilities of
[M{BCDiremy]* . by comparison with those of [M{BCDpn))* . arise from the tetra-
dentate nature of fCDtren.

The binding of (R)-Trp  and {S$)-Trp by [NHBCDpn)]* " shows a tenfold discrim-
ination for [NUBCDpn)(S)-Trp]* over [Ni(BCDpn)(R)»-Trp]* while the Co** und
Cu? ™ analogues show smailer discriminations, and the Zn?' analogue shows none
[154,155]. This effcct of M7~ on chiral discrimination is coincident with the variation
of the ionic radii of six-coordinate Co', Ni?' Cu®” and Zn®' which are 74.5. 69.
73 uand 74 pm [33]. respectively. and the higand field imposed constraints in Co*”
Ni*~  and  Cu'’ complex  stercochemistry, [t is interesting  that
[Zo{BCDpnR)-Trp] - and [Zn(BCDpnYS)-Trp] ™ are of the same stability, while
the analogous diastereomers lor the other three metal ions differ in stability. The
absence of Tigand field effects in ' Zn=" probubly allows more flexibility in the
structures of [ZnfBCDpnYR»Trp]" and |ZnBCDpn){SETrp] " and as o result
enantioselectivity is decrensed. [n contrast, the d” electronic configuration for similar
sized Cu™ imposes a tetragonally distorted octahedral stercochemistry which may
impose restriciions on the ntersction of the chiral centres of (Ry:-Trp  and
($¥Trp with  the BCDpn  molcty  and  decrease  the  stability  of
[CulBCDpmR)-Trpl ™ by comparison with that of [Cu{CDpaitS+-Trp] . Similar
arguments apply in the cases of d7 Co® ™ und d® Ni** whose six-coordinate geome-
trics more closely approach regular octahedra. The cruciat influence of M in chiral



S P Lineodn D Conrdination Chemister Reviewy 166 - J997; 255 a9 381

Table ®

Stability constants {or & - F-aminopropylamino)-6 *-deoxy-P-cyclodextiins {BCDpay Y and 6824V N
-bis¢ 2-ammnoethy! Jaminoiethylaminge -6 *-deoxy-Bcvelodextrin (PCDGen) metailocyclodextring and
related species in agueous solution”

Equilibria invalving M2 lop(k dm® mol "}

ME =

Co™ Ny Cu' i
M~ pn=[Mpni 6.3 973
M+ tren = Miren)]t 12.7 14,6 5.3 4.5
M BCDpR = [MIBCDpn)f 122 52 7.35 4.96
MY~ B tren = [M{BCDHeem)] 1165 17.29 1228
MY L BCBpH - - MIBCDpaH ) R 2 309 14
M BCDIenH - [MOBCDUrenil )t w46 11.56 FR Rl
M Irp Mty 4.41 542 %11 4410
[MBCDPME " - RITp = MRCDpR)(RI-Trp) 4404 41 783 53
PMPCDPOE " - 15FTrp — | MEECTIpnnS ) Trpl” 4.2 LN 509 5.3
PMIPBCDIren) ™ R Tip - | MO Direa R R Trp) 8.2 g s %1
|MUBCDueny) ™ £i83ETep - MBCTDRen S - Trep] | g B3
i MUBCDiremy) " 1 (RTiptl - [M{BCDtreniR)-Trpid |- 46 4.2
MBI ren)] " 4+ (3)-TrpEl o MOBCDIren (S 1-Trpti ] a3 4.2
[MOBCDrenb - (R)-Trpll — [MRCDizen LR TrpH P 356 14 442
PMEBCDUIenE Y = (353 Trpl — [ MIBCDurenH WS - Trpl T A6 44 496
Equilibri not mvelving M+ log (A dm* mol )
BCD +(R)-Tep — D Ry Frp 2z
BCDY + (S Tep =PCD (S Tip 133
BCDpn H{RMTrp - BCLPn (RETrp 34
BCDpn +i5)- Trp - BCDpR (5)-Trp 340
BCDren — (R)»-Tep = BCDWwen Ry Trp 6,36
BCDwren ~4S1+-Trp = BCDren  (83-Trp 6.5

* Ref [154].
b Rer [155].
¢ Ref, [1356].
A 2982 K and Fo D moldm {NaCiO

discrimination in these systems is demonstrated by the lack of chiral discrimination
in the BCDpn-(S¥Trp™ and BCDpn-{R)-Trp~ complexes. A similar vanation in
chiral discrimination i1s scen tn the analogous phenylalanine anion metaliocyclo-
dextrins [158].

The stabilities of the ternary metallocyclodextrins appear 1o be dominated by
three major factors: {i) the hydrophobic interaction between the guest and the BCD
anuulus interior. (i1} the coordination of the guest to the metal centre. and {111} the
mteraction of the guest’s chiral centre with the chirality of BCID. It is only when the
last factor makes a different contribution in the diastercomeric ternary metallo-
cyclodextrins that thermodynamic enantioselectivity occurs. This is illustrated
by the absence of enantioselectivity in  [M(PCDtren}¢R)}-Trp]” and
[M({BCDren}(S)-Trp]' where factors (1} and {ii) appear to dominate despite a
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Fig, 14, Schematic represeniation of some metallocvelodestrins.

considerable increase i stability over that of [M{BCDpn}{R)-Trp|” and
[M{BCDpn}{SyTrp]" [156]. The effect of protonation of the guest is shown by
[M{BCDtrem){(R}-TrpH [** where monodentate tryptophan { IrpH ) does not coordi-
nate as strongly as bidentate Trp” in the more stable [M{BCDtren){R)-Trp} . The
[M{BCDpuHR)-TrpH >~ species 15 not detected probably because it has a lower
stability reflecting the lesser stability of [M(BCDpni]? " by comparison with that of
[M{BCDtren)]* " where the tetradentate tren substituent coordinates M2 much
more strongly than does bidentate pa.
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The stabilities of BCDtren-{R}-Trp  and BCDtren - (S)-Trp  are ~ 147 times
greater than those for JCDpn - (R}:Trp  and BCDpn ($3-Trp  which are ~ 10 times
greater than those for BCD-(R}-Trp” and fCD - (S)-Trp " ( Table 8). This variation
is attributable to the mteraction of the Trp”~ aminocarboxylate group with the
narrow end of the cyelodextrin annulus such that Trp  egress is hindered more than
ingress by the substitution of a polyanune at the C(6} site of BCD. The stabilities
of [M(BCMMrenHR}-Trp]" and [M(BCDtrenlS)»-Trp]  ure greater than those of
MTrp' and BCDtren- Trp ™ consistent with the coordination of Trp by M*™ and
the miteraction of Trp  with the BCD annulus reinforcing cach other to stabilise
[M{BCDtrenHR)-Trpl * and [M(BCDtrenyS3-Trp] ' . However, while the stabilities
of [M(BCDpn)iR:Trp]™ and [M{BCDpnuS-Trp]” are greater than those of
BCDpnr - Trp . indicating the stabilising effect of coordination of Trp™ by M2,
they more closely approach those of MTrp ™ consistent with competition between
the Trp ™ binding etfects of the $CD annulus and M*' in these ternary metallocyelo-
dextrins lowering their overall stabihties [157].

Chiral discrimination by metallocyelodextrins has led to their use as chiral discrimi-
nuting agents in the mobile phase in HPLC enantiomeric separation. This 1s exempli-
fied by 6*-[2-{d-imiduz-olyl yethylamino]-6*-deoxy-B-cyvclodextrincopper(11) (2 in
Fig. 14) [159]), which complexes the (R}-enantiomiers of severul gromatic aminoacid
anions more strongly than their (Skenantiomers | 160.161]. Such (R)-cnantiomers
appear le forin a more stable ternary metallocyclodextrin because the aromatic
moiety of the guest {R)-amino acid anion includes in the BCD unnulus while that
of the ($)-amino acid amon does not. When 2 is used as the chiral discriminating
agent in the mobile phase in HPLC studies. the (R)-enantiomers of tryptophan.
phenylalanine and tyrosme cluie ahead of the (S)-enantiomers [160.161]. This is
because the amine acid anions partition between the mobile aqucous phase and the
non-agqueous stationary phase. while the binary and ternary metallocyclodextring
are insoluble in the latter phase. Thus. the enantiomer which lorms the most stable
ternary metallocyclodexirin spends less time in contact with the HPLC stationary
column and clutes first. The enantiomers of the aliphatic amine acids alanine,
proline. histidine and leucine were not separuted by this HPLC method. probubly
because the inclusion of an aromatic moicty ol the enantiomeric guest in the
homochiral cyclodextrin annolus is necessary to engender enantiosclectivity.

In  contrast  to 2. the use of 6*[4-(2-aminocthyl yimiduzoly] Thist-
amine)-6*-deoxy-B-eyvclodestrincopper(11) (33, as a chiral discrimination agent
causes (S}Trp ™ to clute betore (R)-Trp  [162]. This reversal of enantioselectivily
anses from the higher stability of the (SRTrp ™ ternary metallocyclodextrin which
appears o include the arematic moiety of the guest inside the BCD annulus,
while that of its less stable {R)-Trp  analogue does not. The complexation of
alanine,  phenylalanine  and  typtophan  anions by 6 2-aminoethyly)-
amino)-6*-deoxy-f-cyclodextrincoppert 1) (4). shows no measurable enantioselee-
tivity. but the use of 4 as a chiral discriminating agent in HPLC studies results in
{R)-Trp eluting after (S)-Trp consistent with a very small cnantioselectivity being
umplified by chromatography } 163].

The ternary metallocyclodextrin, [NI{BCDpn){R)-Trp] ™, shown in Fig. {3 incor-
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porates a metal centre in close proximity 10 @ hydrophobic cavity comtaining a guest,
This resembies 1 Michaelis metalloenzyme complex. as do a range of ternary metallo-
cyvclodextring which have been studied as metalloenzyme mimics | 164.165]). The first
such reported study appears to be the catalysis of the deacyclation of p-nitrophenyl
acetate by the metallo-w-cyclodexinn 8 Gin Fig. 1431 166]. Deacylation 1s aceelerated
by > 0% over the uncatalysed rate. and proceeds through aeylation of the pyridinec-
arboxaldoxime ligand followed by deacylation of the resulting acetate. Nevertheless.
catalysis by 5 is only fowr-fold more cffectve than that cauvsed by the
pyridinecarboxyaldoxnmenickeli [1) complex. H appears that while the «CD annulus
of § retains the included p-nitrophenyl acctate in close proxmmity to the attacking
pyridinecarboxaidoxime oxygen. signiticant freedom of movement exists for p-nitro-
phenyl acetate in the annulus which may diminish the overall catalviie effect of &,
The importance of the relative orientations of the metal centre and guest in
the ternary metallocyclodextnn is illustrated by the [000-fold rate aceeleration
of the deacvltion of p-nitrophenyl acctate caused by 680 L4710 ¢tra-
azadodecyl 1-6*-fi-cvelodextrincobalt{ 1111 {6 1r Fiz. i4). and the smaller acceeleration
caused by 3%-(1.4,7 10 tetraazadodecyl j-3 M ffevclodexirincobalt (111) (75 | 167, 168],
The probability of the nucleophilic attack on included p-nitrophenyi acetate by a
hydroxo ligand bound o the Co?* substituent in 7 appears 10 be decreased by steric
hindrance. The [Colovelen)(OH 3 HL0 " complex has no catalytic effect but
6*-( 1.4 7. 10-tetraazadodecyl -6 - B-cyvelodextrin causes an 8.6 fold deacylation rale
acceleration under the same conditions, The influence of the metal centre on catalvsis
is illustrated by the Ni*'. Cu™' and Zn® analogues of 6 which cause only 16, 14
and 12-Told accelerations of deacylation of p-nitropheny! acelate. respectively [169].
Michaclis Menten kinetics ure observed for hyvdrolysis of p-nitropheny! diphenyl-
phosphate in the presence of the Zn” 7 metallo-Boyclodextrin (8 in IFig, 14) which
aeeelerates the hvdrolysis by a factor ol 7 by compartson with the catalysis caused
by the complex where the modified BCD substituent is replaced by & methy! group
in the tetraaza macrocyele {1701 Zinc{ 1D appears to act as a bifunctional catalytic
centre through simultancously providing o nuclcophilic OH © ligund to attack the
phosphitte ester. and stabilising the development ot negatively charged phosphate
oxyvgen threugh coordination. The mereased catalvtic effectiveness of the ternury
metallocyelodexirin anses Irom p-nitrophenyl diphenvlphosphate being localised
adjacent to Zn? 7. While BCD substituted by dicthylenetriamine at C{63 is not a
catalyst for the bydrolysis of ribonuclesside 2.3 -¢cyclic phosphates. its Zn? metallo-
eyclodextrin accelerates the hydrolysis of the 27 3-cyciic monophosphates of adeno-
siie, guanosine, eytosine and uridine, 23-0 28-. 3.5- and 9.6-fold. respectvely [171].
This variation is consistent with the purine residues of the first two 27, 3-cvele
monephoesphates aiding the Tormation of more stable ternary metallocyclodextring
than do the pyrimidine residues of the second two. and the importance of inclusion
of the guest in the matalloevelodextrin cavity 1n the catalytic process. (It 15 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 2 range of differem coordinating guests {172].)
Smaller aceelerations oceur for the hydrolysis of niborucleotide dimers. The ternary
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metallocvelodextrin (9 in Fig 143 lormed when Zn® is simudtancously coordinated
by bis{ histumino}-feyclodextrin and imidazole resembles the active site of carbenic
anhydrase where Zn® 7 15 bound by three imidarzoles at the base of a cavity formed
by the protcin [173]. For CO;, hydraton. 9 15 a substantially better catalyst than
/07" alone, but dehydration of HCO, v not cataiysed by 9 probably because
HCO, coordinates too strongly to Zn* -

The study of metallocyclodextring as enzy me mimics represents an expamdig and
exciting area of rescarch [164.174 179]. It should be remembered. however, that
metatloenzyimes hove opuimised their active site substrate sicreochemistries over
millions of vears, and it is to be anticipzied thal signilicant misalignments of catalytic
centre and guest are likely to arise in ternary metatloeyclodextnay such that thar
cutalvtic zetivity will olten be low relative (o that of metailoenzymes.
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