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Abstract — The complexation of guest primary alkylammonium salts by mono- and di-aza
crown ethers has been studied by NMR spectroscopy and has been shown to be sterecselective
in some cases. Macrotricyclic systems derived from diaze-12-crown~4 and diaza-
15-crown-35 form inclusion complexes in a highly sterecselective fashion with bis=
alkyiammonium cations. Chiral aza crown ethers show enantiomer selectivity in
complexation which is dependent upon the substituents on the nitrogen atoms. These

results have been used for the design of host molecules that catalyse ester cleavege in

*—umino acid esters,

The design and synthesis of compounds, other than proteins, that show the high activity and substrate selectivity
of enzymes has long presented a challenge to the synthetic organic chemist and it is only recently that
substantial progress has been made in meeting this challenge. Thus the study of the natural cyclodextrins as
hest molecules has been developed by synthetic chemists in a number of highly successful and interesting ways,
particularly by their structural modification to give more selective and reactive hasts' and by the design and

synthesis of optimum substrates,?

Totally synthetic analogues of cyclodextrins have not yet been developed

to the same extent, but substantial progress has been reported in selective complexation by water-soluble
cyclophanes and in the synthesis of polycyclic systems with permanent cavities that may be occupied by
hydrophobic substrates.? These synthetic and semi=synthetic hests depend for their activity upon favourable
hydrophobic interactions that lead to the attachment of guest to host. Such hydrophobic forces play an
important role in enzyme-substrate interactions but, in addition, there may also be electrastatic interactions
between the two components of a molecular complex. These electrostatic interactions may just involve jon-
pairing but the related phenomenon of hydrogen bonding is of extremely wide importance in biological systems.
Such interactions are particularly well demonstrated by the binding of D-ala=D-ala derivatives to the
macropolycyclic peptide-like antibiotics vancomycin, ristocetin (1), and avoparcin,® The formation of
selective complexes by these antibiotics is based upon specific hydrogen bonding, as shown diagramaticaily in
(2) for the binding of N-acetyl-D~ala=D=ala to the receptor site of ristocetin {1). Such complexation is very
encouraging for the synthetic chemist since it dispels the idea that selective complexation requires a host

molecule with the dimensions of a protein; however, the structural complexity of ristocetin rules cut its use

as d ¢close model for a synthetic analegue of a natural enzyme or receptor.
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The discovery® that crown ethers form complexes with metal cations, particularly alkali metal
cations, and with primary alkylammonium cations provided a relatively simple starting poinf for the synthetic
chemist wishing to examine cation complexation through electrastatic guest=host attraction.  The
imaginative and successful development of crown ethers by D.J. Cram and his co-workers® is a notable
achievement in the study of synthetic host molecules, and the recent extension’ of this synthetic work to
spherands (3) and other polycyclic hosts having a rigid pre~organised sttucture® that exactly fits the guest

molecule points the way to future work in this area.

The synthesis of cryptands (4) by J.M. Lehn and his co-workers’ and the demonstration that
macropolycyclic host molecules showed greater substrate recognition than macromonocyclic hests indicated
on alternative type of structural medification of crown ether systems and encouraged us to investigate aza
crown ethers as hosts for alkylammonium cations. 1n our initial studies' we showed that mono~ and di-aza

crawn ethers formed complexes with guest cations which could be examined by NMR spectrascopy ..
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Thus, for example, the mono-eza- 5-crown-35 derivative (5) forms a complex (_é)T in which the guest
cation is attached to the face of the host macrocycle with a syn-relationship between-the guest cation

and the N=-methyl substituent. This conclusion was based upon the crystal structure of the benzylammonium
thiocyanate complex (4, R =PhCH, X = NCS) and the shift to high field of the NMe signal in the NMR
spectrum of the complex (é_), as compared with the free host (§), for complexes with guests cations such as
PhCH;RiHy, PhCHMeRIH; , and PhyCHRIH;, At low temperatures the NMR spectrum of the complex showed
ABCD systems for the NCH;CH,O units consistent with a structure (§) in which face to face exchange of

the guest cation is slow on the NMR time scale. Analogous results were obtained for the diaza=15-crown=5
system (7) and subsequently, by the groups of J.F. Stoddart'! and J. Krane'?, for the diaza-12-crown-4
system (§’). In both cases, (Z_) and (8}, these diaza crown ethers formed complexes having only the

syn, syn=stereochemistry (2)4: but, in contrast, it was shown™ that 18-membered mone= and di-aza crowns {10)
and (u) formed mixtures of syn and anti complexes. Thus, at low temperatures where guest-host exchange is
slow on the NMR time scale, the NMR spectrum of the complex (u), PhCHzﬁHa NCS™ showed signals

{host NMe and guest mHg) corresponding to a mixture of syn, gm_(z), syn, antl (Lg), and anti, anti (lg)

complexes ,

The reason for the sterecselectivity of complexation by these small crown systems (@, (Z)_, and
(?) appears to be the more rigorous stereochemical requirements for complexation as compared with larger
crown systems but, in the absence of a detailed investigation by, for example, melecular mechanics
caleulations, it is difficult to be more precise. Ring systems larger than 18-membered give, in genenal,
poorly defined complexes with alkylammonium salts although we have noted two exceptions,'*  The
diaza-24-crown=-8 system (14} forms o reasonably well-defined 2:1 complex with benzylammonium thiccyanate
for which the syn, syn, anti, anti-stereochemistry shown in (15) may be proposed on the basis of the NMR
spectrum of the complex at =90°C.  In contrast the fewer binding sites in the 24-membered ring of the
24=crown=6 derivative (LQ) are only adequate for the formation of a 1:1 complex and the pronounced high
field shifts of the C_l:lﬁ signals of the guest cation are consistent with the formation of a complex having the

‘double-nesting' conformation (17).

T The complexes between alkylammonium cations and crown ethers are formed by hydrogen bonding between
the two components with additional electrostatic interactions between the lone pair electrons on the ring
hetero-atoms not involved in hydrogen bonding and the positive charge on the guest cation. These binding
forces are maximised by the use of solvents of low dielectric constant such as chloroform and methylene -
chloride. The low freezing point of CD2Cl; make it a particularly useful solvent for the NMR spectroscopy
of complexes in the temperature range -110%C to +35%C and for complexes at higher temperatures we have used
CDCl3. In most cases complexation is relatively insensitive to small amounts of water in the solvent and the
results quoted in this review refer to complexation in CD2Cly (99.3%D) as provided by CEA, France. Unless
otherwise stated results refer exclusively to 'H NMR spectra,

=Fln this, and similar formulae, the crown ether system is represented by an ellipse for simplicity. Ina

number of coses the guest cation is represented by a sphere for similar reasons.
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(5) m=1, n=2, X=0
(7) m=1, n=2, X = NMe
(g) m=n=1, X=NMe
(19)m=n=2, X=0
(}v!_)m=n=2, X = NMe
(14)m=n=3, X=NMe

- Monoeyclic hests, such as (5) = (11}, show relatively liftle structural recognition for the guest

cation because of the limited extent of guest-host contact in a complex of the addition type (18). it was

realised, by analogy with the work on cryptunds,’ that inclusion complexes (19) of polycyclic hosts would

have more guest-host contact and hence provide greater opportunity for designing hosts with good guest

recognition. The aza crown ethers offer an excellent basis for the synthesis of polycyclic hests since the

attachment of the required bridges at stereachemically lgbile tertiary amino cenires (see 19) avoids the

stereachemical problems associated with bridging between stereochemically rigid carbon centres, The

syn, syn stereochemistry (9} of complexation by 12- or 15-membered aza crown ethers ensures that if these

macrocycles are placed at either end of the cavity {see 19} the complexation is directed inwards, leading

to the formation of an inclusion complex of the type shown.
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bridges (X in 19) would produce compounds with cavities of defined dimensions. Provision of this
rigidity by the aromatic rings of the bridges ~CH,ArCH; = leads to potentially simple synthetic routes and
the introduction of an experimental probe for inclusion, rather than oddition, of a substrate guest cation.
Thus an included guest lying within the cavity provided by the polycyclic system (see 20 - 24) also lies
within the shielding zones of the aromatic rings when ring currents are induced in the rings during an NMR

experiment.
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All of these expectations were realised' by the tricyclic hest molecules (%E))-(gi) which were
readily prepared by the reaction of diaza-12-crown=-4 or diaza~15-crown-5 with the appropriate dibromide,
BrCHArCH;Br.  The tricycle (20) has the smallest cavity of the series and the NMR spectra of its complexes
are typical. Thus, (20} forms a 1:1 complex with methylemmonium thiocyanate and the NMR spectrum of the
included guest cation shows, as expected, an NMe signal ot significanfly higher field (5§ 1.17) than free
methylammonium thiocyanate {§ 2.58). The host (20) also forms a 2:1 complex with methylammenium
thiocyanate and 1t is clear from the NMR spectrum at -70°C that the two guest methylammonium cations are in
different environments since one NMe group (8 0.33) shows a high field shift and the other (§ 3.04) shows a
low field shift relative to the free salt (6 2,58). In addition the protons of the aromatic rings ore cbservable
as an ABCD system at =70%C and the '3C NMR spectrum of the 2:1 complex is also consistent with two different
environments for the guest cations., Whether this complex has the 'inside, inside' structure (25) or the
'inside, outside' structure ('2\:5_) is not clear, but the larger cavity of (,2.2) undoubtedly forms a 2:1 complex of
structure (gﬁ) since the NMR spectrum of the guest salt in the complex (2,2,): 2(MeI;'-JH3NCS_) shows only @
single high field NMe signal {5 0.44) at low temperatures.
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The hests (20) to (24) are particularly suitable as receptors for bis~ammonium cations
NH3(CH2) NH3 with which fhey are expected to form the inclusion complexes (27), provided that the
separation cf the two guest NH3 groups is appropriate for the separation of the two crown rings as pre-
determined by the rather rigid CHy=Ar-CHy bridge. In particular space filling CPK molecular models
indicated that the cavity of the host (29) is sufficiently large to accommodate the ﬁl-la(CHz)gltlH3
bis-cation and the NMR spectrum of the complex ('%9), 'ﬁHa(CHz)gﬁHg,ZNCS- at 25%C shows the signal
from the gue;f CHy groups shifted considerably to high field (5 1.28) as compared with the spectrum of the
free guest salt (§ 3.10) providing excellent evidence for the formation of an inclusion complex (c.f. 27).
At very low temperatures {<=70%C) the guest CH; signa) broadens and collopses and appears as two broad
multiplets, probably assignable to an AA'BB' system (SA 2.14, SB- 0.94) in which one CH; proton shows a
remarkable 4 ppm shift to high field as compared with the spectrum of the free guest. The host spectrum shows
analogous changes and at very low temperatures the spectrum is consistent with a 'frozen' inclusion complex (27)
in which each of the two crown rings adopts a single chiral conformation, for example the [3 3 3 3]
conformation'? found for dinza-12~crown-4, and rotation of the benzene rings in the bridges is hindered.
This result is typical of the results that have been obtained for a number of complexes (27) in which the host

tricycle adopts a single conformation so that there 1s a unique stereechemistry of complexation.
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(27) d=1-2 A

The small cavity of the host (20) is unable to accept larger bis-cations and the NMR spectrum of a
1:1 mixture of this host with the guest salt Haﬁ(CHg)gﬁHg only shows high field signals for the guest bis~
cation at low temperatures { <=50%C). On the other hand the longer cavity of the hast (2]) can accept much
fonger bis=cations and on the basis of NMR evidence similar to that described obove it forms 1:1 inclusion
complexes with the salfs ﬁHg(CHz)nﬁHa,chs” for the salfs with n=4 to 7, but not with the salfs with n=3
and n=8. The NMR spectra of the complexed salts show substantial high field shifts and in the presence of an
excess of a guest salt separate signals can be seen for free and complexed guest, provided that the sample
temperature is sufficiently low so that guest exchange is slow on the NMR time scale. This also permits the
direct study of competition between different guest cations. Thus the NMR spectrum of the complex
(21), KMy (CHy)sKiHs, ZNCS™ is unchanged by the addition of the salt FiHg(CHy) iy, 2NCS™ other than by
the appearance of signals due to the uncomplexed, shorter bis-cation, This shows very clearly that the longer

cotion is complexed preferentially and similar experiments can be carried out for a series of guest salfs.
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In this way it is possible to show that the hast {21) selects the bis-cations with n=5 and n= 6 with almost
equal preference. Selectivities for the series of hosts {20) to (24) are summarised in the Table, These
selectivities are readily rationalised in terms of complexation of the type shown diagramatically in (28),
the relotionship between the R - N distonce in the fully extended conformation of the bis-cation and the

C--Ar--C distance in the bridge indicated by the Table is approximately that shown in (28).

TABLE
Selectivity of hests (20) to (24) for guest salts
Hest lu Guest pref'erem:eb d for preferred guestu
20 5.8 233 3.6
21 10.1 3K4<5,6>7 »8 7.9
22 5.8 2>3>4 3.6
23 7.9 3&xd>5564 6.1
24 10.1 4 <5¢6>7 8.5

0
a d and ! defined in formufa (28) in A

b The numbers refer to n in I¢H3 (CHg)nl-\l}—Hg

The host {23) is of inferest because it can adopt four pessible conformations {29) to (1%) related
by either rotation of the bridging naphthatene system or by rotation of the 15-membered crown macrocycles.
The complex formed by methylammonium thiscyanate (2:1 guest : host ratio) shows four different high field
NMe signals at low temperatures (8 0,15, 0.38, 0.68, and 0.71) assignable to guest cations in four of the
five possible environments indicated by the letters A to E Tn the formulae (29) to (Z}\Z). Complexation of a
simple RmHg cation by the hest (23) is therefore not sterecselective. The host (23) forms @ strong 1: 1 complex
with the bis-cation lﬁH;,(CthmH;; which shows the expected two high field NCH, signals at 437%C,
corresponding to the guest «=CHy and a-CH, ({8 - 0.37 and 0.%4 respectively). At lower temperatures
these two signals broaden and each splits into two to give four signals (8 - 0,93, -0.22, 0.50, and 0.89)
corresponding to four different CH; groups in a complex formed by the host (23) in the conformation (29).
Additional signals (B - 0.49, 0.83) are olso detectable from a minor species of higher symmetry. At very low
temperatures (~104°C) the four CH; signals of the major species are replaced by eight signals (8 - 1.78, -0.85,
-0.61, -0.27, ~0,06, 0,02, 0,81, and 1,12) corresponding to a complex in which all eight guest protons are
in different environments. This is consistent with o complex based upon the conformation (29) in which each of
the 15~membered macrocycles adopts a chiral conformation and conformational inversion is slow on the
NMR time scale. Thus the complex (23), ﬁHs(Cl-lz)4ﬁH3, 2NCS™ is formed with high sterecselectivity in

spite of the numerous conformational pessibilities for the host tricycle.
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Similar studies of tricyclic host molecules have been reported by J.M. Lehn’s group, '8 in this
case the tricycles were besed upen the digza-18-crown-6 system and it is probable that simple ammonium
cations RﬁHg can be bound to the outside of the host if they are too large to fit within the cavity.
The bis~ammonium cations mHg(CHz)nli]Hg form inclusion complexes with these hosts that are analogous to
those formed by the hosts (20) to (24). The crystal structures of the free host (33) and of the complex (33),
R}Hg(CHz)smHg have been reported and compared. The proposed structure (27) for these complexes is fully
supported and it is particularly interesting to note that complexation involves significant conformational

changes relative to the conformation of the free host in the crystalline state,

The ability of crown ethers to form complexes with alkylammontum cations ina structurally selective
manner has led to a number of examples of enantiomer recognition in complexation by chiral crown ethers.
The most notable examples are provided by the crown ethers studied by D.J. Crom and co=workers in which
the axial chirality of a 2, 2'=dihydroxy~1, 1'~binaphthy| system is included in the crown macrocycle. in some
cases high enantioselectivity has been achieved and the host (34) shows particularly high enantiomer
recognition (an EDC value of up to 31 at 0%C) for salls of phenylglycine methyl ester and analogous salts of

other amino acid esters.!”

Chiral aza=crown ethers (35} may be synthesised in o convenient manner'® from
optically active amino alcohols, derivable from amine acids, using the route outlined in Scheme 1. For
suitable substituents on the nitrogen atoms (e.g. 35, RZ = CH,Ph) complexation of guest & -phenylethyl-
ammonium cations shows @ moderately high enanticselectivity; the host (gé), derived from a natural amine
acid, showing a preference for complexation of the (R)-configuration of the guest salt. Unfortunately this
enanticselectivity is lost in the presence of water which results in the formation of a hydrated complex,

probably with the composition (35), H,0, PhCHMeRiH; NCS™ .

The receptor properties of crown ethers provide an excellent opportunity to investigate the
synthesis of enzyme analogues with two important limitations: (@) the substrate must generally be
cationic and (k) the reaction must be carried out in a solvent of low polarity. These two limitations
point clearly to amino acid derivatives as the substrates and a function as an analogue of a protease.

Most reported studies have concentrated upon the initial thiolysis step involved in the action of o cysteine

protease such as papain, In particular it has been shown that the intra-complex thiolysis (36) —(37) can
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SCHEME 1. Synthesis of chiral diaza~18=crown=6 derivatives

be significantly accelerated relative to an analogous reaction of the uncomplexed substrate. The hest
molecule required for the thiolysis (36) —+ (37} 1s a crown ether system carrying one or more svitably located

=SH groups, and if the crown ether is chiral its catalytic function Is potentially enanticselective.

In the first reported study of this type involving crown ethers, D.J. Cram and his co~workers'?

showed that substrate amino acid p-nitrophenyl esters [ c.f. (36} and (37}, X = OCOCHMNOD, ]
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underwent a ropid intra-complex transacylation reaction in the presence of the dithiol (38) in solvents such as
20% ethanol-methylene chloride. Under suitable conditlions rate enhancemenis of up to 1170 times were found
for the intra-complex reaction as compared with the reaction in the presence of an aeyclic analogue of {38).
The chiral binaphthyl system (gﬁ) also showed substrate enanticselectivity and rates 'of thiolysis for D- and

L~ amino acid ester substrates differed by factors of up to 9.2 in the most favourable case {L-Leu and D-Leu).
Similar accelerations of up to 2500 times for the intra-complex thiolysis reaction have also been reported?® for
the crown ether derivative (92) , derived from tartaric acid. The analogous crown ethers (fg) , derived from
tartaric acid and L-cysteine, catalyse the transacylation reactions of dipeptide p-nitrophenyl esters? with rate

. enhancements of up to 15,000 fimes and with high enanticselectivity in some cases,

Our own work has concentrated on the derivation of similar catalysts by simple synthetic routes from
aza crown ethers. Our initial studies? were based upon the derivatives {41} and (i?_) which have phenolic
hydroxy| groups in the side chains. These were shown to undergo an intra~complex acylation reaction in the
presence of glycine p-nitrophenyl ester ot rates up to 70 times faster than the rates of the general base catalysed

ethanolysis reactions in the presence of a similar concentration of the corresponding N=-3-phenylpropyl crown
ather (Scheme 2).

X
i

Y
<\O O—) &0 OJ

(41) (42)
5 -
10 k/s ! 10° & /s !
X = (CHy)sPh 3 3
X = (CHz)s-Q 141 198
OH
X = (cHe ) - 6

HO
SCHEME 2. First order rate constants for p-nitrophenol release from substrate
RiHaCH,COLCHMNG: B (1,625 x 1074 M) at 25%C in CH,Cly/ EtOH (95:5) in the presence
of crown ether derivatives (41) or {42} (3.3 x 107 M).

These rather modest rate enhancements have been increased in a more recent study which has as its
objective the development of a catalytic system, shown diagramatically in (43),in which the functional groups
of the catalyst and the substrate are brought together in the cavity of a bicyclic aza ¢rown ether derivative.
As the First part of this study the bis~aminopropyl-diaza crown ether (44) was prepared and acylated with the
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symmetrical anhydrides of suitably protected amino acid derivatives. Selective deprotection of the products
gave the series of crown ether derivatives (43). The crown ethers with =SH groups or free imidazolyl groups
in the side chains were compared with analogous crown ether derivatives facking these reactive functional
groups, The resuits of this study, using glycine p-nitrophenyl ester as the substrate, are summarised in
Scheme 3. |t is clear from these results that both reactive groups are reasonably effective in intra~complex
cleavage of the substrate ester group. We assume that the thiolysis involves the formation of a thioester
intermediate but it is not yet clear whether the reaction with the imidazoly| side chain involves a
nucleophilic mechanism, with the formation of an acylimidazole intermediate, or general base catalysis of

ethanolysis of the substrate by the soivent ethanol. The bifunctional catalyst with both =-SH and imidazolyl

NH,

el
L, o5

(43) (44)

groups in the side chains gives a thiolysis reaction comparable in rate with that of the bis=thiol, but it is not
yet clear whether the imidazolyl group is able to catalyse ethanclysis of the thioester formed by the initial
transacylation reaction. The bicyclic bis-thiol (44} is the first system of type (43} that we have examined
but Tnitial results suggest that the additional bridge between the two side chains does not exhance the rate

of the intra~complex thiolysis reaction.

t
COyBy COzBu X 105 Y
N XCH NH
H ICHZX 2 Me;CH- 5.9
PhCH, S~ 4,0

/H Hs- 2;60
I/\O/\I 12.7
<,o o PhCHzAN—S‘ 9.7
_/ o~
(45) Q_ 341

N

HN
HS- and l;'} 516

SCHEME 3,  First order rate constants for p-nitrophenol release from substrate
RIRCHCO,CeHMND, B (1,626 x 1074 M) ot 25°C in CHCly/EYOH (95:5) in the presence of
crown ether derivatives (45) (3.3 x 1073 M),
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We note that the hydroxyl group of a serine side chain is not an efficient catalytic function in our

system, it is probable that more strongly basic reaction conditions and more accurate location of the hydroxyl
group relative to the ester group of the substrate are necessary to obtain an effective rate enhancement
for the intra=complex alcohalysis reaction as compared with base catalysed ethanolysis by the solvent ethanol.

Both of these conditions have been satisfied in a very important recent study by D.J. Cram and H.E. Katz,?

0 C
HNrSH HstNH
0" NH HN
N 5

(4&)

ACKNOWLEDGEMENTS

1t is a pleasure to thank the following co-workers who have made contributions to this and related work:
M.J. Bovill, P. Camilleri, D.J. Chadwick, |.A. Cliffe, T.A. Glasbey, Z. Grudzinski, L.C. Hodgkinson,
M.R. Johnson, N.F. Jones, S.J. Leigh, R. Mageswaran, S. Mageswaran, and D.P.J. Pearson.

| am grateful to them and to Dr, R.F. Newton of Glaxo Research for their ideas, enthusiasm, and hard work.

REFERENCES
! M.L. Bender and M, Komiyama, 'Cyclodextrin Chemistry', Springer-Verlag, Berlin, 1978;

1. Tabushi, Acc. Chem, Res., 1982, 15, 66; A.P. Croft and R.A. Bartsch, Tetrahedron, 1983, 3%, 1417;

W. Saenger, Angew. Chem,, |nt, Ed.Engl., 1980, 19, 344,

2 R. Breslow and A, W. Czamick, J.Am. Chem. Soc,, 1983, 105, 1390; R. Breslow, G. Trainor, and
A. Ueno, J. Am. Chem. Soc., 1983, 105, 2739; W.J, LeNoble, S. Srivastava, R, Breslow, and
G. Trainor, J.Am, Chem, Scc., 1983, 105, 2745; and many earlier papers by Professor Breslow and

co~warkers,
8 F. V&gtle, H. Puff, E, Friedrichs, and W.M. Muller, J.Chem, Soc, Chem. Commun., 1982, 139%;

F. Diederich and K. Dick, Tetrahedron Lett,, 1982, 23, 3167; C.D. Gutsche, B. Dharwan, J,A, Levine,
K.H. No, and L.J. Bauer, Tetrahedron, 1983, 39, 409; E.T. Jarvi and H.W, Whitlock, J.Am. Chem,
Soc., 1980, 102, 657, 1982, 104, 7194; K. Odashima, A, Itai, Y. litaki, and K, Koga, J.Am. Chem,

Soc., 1980, 102, 2504; T. Soga, K. Odeshima, and K. Koga, Tetrahedron Lett., 1980, 4351;
K. Odashima, T. Soga, and K. Koga, Tetrahedron Lett., 1981, 22, 5311; L Tabushi, Y. Kimura, and
K. Yamamura, J.Am. Chem. Soc., 1981, 103, 6486,

— 246 —



14

HETEROCYCLES, Vol 21, No. 1, 1984

G.M. Sheldrick, P.G. Jones, O. Kennard, D.H. Williams, and G.A. Smith, Nature, 1978, 271,

223; D.H. Williams, V. Rajanda, M.P. Williemson, aond G. Bojesen, 'Topics in Antibiotic

Chemistry', ed. P.G. Sammes, Eliis Horwood, Chichester, England, 1980, Vol, 5, p. 119;

M.P. Williamson and D.H. Williams, J.Am,Chem, Soc., 1981, 103, 6580; J.R. Kalman and

D.H, Williams, J.Am, Chem, Soc., 1980, 102, 206; C,M, Harris and T.M. Harris, J.Am.Chem, Soc.,
1982, '!94;, 363, 4293; G.A. Ellestad, R.A. Leese, G.,O. Morton, F. Barbatschi, W.E. Gore,

W.J. McGahren, ond I.M. Armitage, J.Am.Chem. Soc., 1981, 103, 6522,

C.J. Pedersen and H.K, Frensdorff, Angew,Chem., Int, Ed. Engl., 1972, 1], 16.

D.d. Cram and KN, Tryeblood, "Hest Guest Complex Chemistry §', ed. F. Vogtle, Springer-Verlag,
Berlin, 1981, p, 43; D.J. Cram and J,M. Cram, Acc,Chem, Res., 1978, 11, 8.

G.M. Leinand D.J. Cram, J.Chem. Soc., Chem. Commun,, 1982, 301; D.J. Cram, I|.R. Dicker,
G.M, Lein, C.B. Knobler, ond K.N. Trueblood, J.Am.Chem. Soc., 1982, 104, 6827; D.J. Crom,
I.R. Dicker, C.B. Knobler, and K.N. Trueblood, J. Am.Chem. Soc., 1982, LQ_.4, 6828; and

papers cited therein,

J.R. Moran, 5, Karbach, and D,J. Cram, J.Am. Chem. Scc,, 1982, 104, 5826; R.C. Helgeson,
M. Laver, and D.J, Cram, J.Chem. So¢., Chem. Commun,, 1983, 101.

J.M. Lehn, Acc.Chem. Res., 1978, 11, 49; Pure Appl.Chem., 1978, 30, 871; 1979, 51, 979.
M.R. Johnson, 1,0, Sutherland, and R.F. Newton, J.Chem. Soc., Perkin Trans. 1, 1979, 357;
$.J. Leigh and |.O. Sutherland, J,Chem. Soc., Perkin Trans, 1, 1979, 1089; L.C. Hodgkinson and
I.Q. Sutherland, J.Chem, Soc., Perkin Trans. 1, 1979, 1980,

J.C. Metcalfe and J.F. Stoddart, J.Am, Chem, Soc., 1977, 99, 8317,

J. Krane and O. Aune, Acta Chem. Scand,, Ser. B, 1980, 34, 397.

L.C. Hodgkinson, M.R. Johnson, S.J. Leigh, N. Spencer, 1.Q, Sutherland, and R.F. Newton,
J. Chem. Soc., Perkin Trans, 1, 1979, 2193,

M.J. Bovill, D.J. Chadwick, M.R, Johrson, N.F. Jones, |.O. Sutherlond, and R.F. Newton,
1, Chem, Soc., Chem., Commun,, 1979, 1045.

M.R. Johnson, 1.0, Sutherland, and R.F, Newton, J.Chem. Soc., Chem. Commun,, 1979, 309;
R. Mageswaran, 5. Mageswaran, and 1.0, Sutherland, J.Chem. Soc., Chem. Commun,, 1979, 722;
N.F. Jones, A, Kumar, and |.O, Sutherland, J.Chem, Soc. Chem. Commun., 1981, $%0.

F. Kotzyba-Hibert, J.M. Lehn, and P. Vierling, Tetrahedron Lett., 1980, 941; J.P, Kintzinger,
F. Kotzyba~Hibert, J.M. Lehn, A, Pagelot, and K. Saige, J.Chem, Soc., Chem. Commun., 1981,
833; F. Kotzyba-Hibert, J. M, Lehn, and K. Saigo, J.Am. Chem. Soc., 1981, 103, 4266;

C. Pascard, C, Riche, M. Cesario, F. Kotzyba-Hibert, and J.M. Lehn, J.Chem. Soc., Chem.
Commun., 1982, 557,

— 247 —




20

2

24

J.M. Timka, R.C. Helgeson, and D.J. Cram, J.Am, Chem, Soc., 1978, 100, 2828;

S.C. Peacock, L.A. Domeier, F,C.A, Goeta, R.C. Helgeson, and D.J. Cram, J.Am. Chem. Scc.,
1978, 100, 8190; S5.C, Peacock, D.M. Waiba, F.C.A. Gaeta, R.C. Helgeson, and D.J. Cram,

J. Am, Chem. Soc., 1980, 102, 2043.

D.J. Chadwick, 1.A. Cliffe, 1.0. Sutherland, and R.F. Newton, J.Chem. Soc. Chem. Commur.,
1981, 992.

Y. Chao, G.R. Weisman, G.D.Y. Sogah, and D,J, Cram, J. Am. Chem.Soc,, 1979, LOJ, 4948,

T. Matsui and K. Kogo, Tetrahedron Lett,, 1978, 1115; S. Sasaki and K. Koga, Heterocycles,
1979, 12, 1305.

J.M, Lehn and C. Sitlin, J.Chem. Soc. Chem. Commun., 1978, 749.

P. Camilleri, R. Mageswaran, S. Mageswaran, and §.Q. Sutherland, unpublished results,
T. Glasbey and 1.O, Sutherland, unpublished results.

D.J. Cram and H.E, Katz, J.Am. Chem, Scc., 1983, 105, 135,

— 248 —




