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Preface

It is now common knowledge: ‘Supramolecular Science’ with ‘Supramolecular
Chemistry' being its dominant part has a great future. In this field, scientists
with organic, inorganic and theoretical backgrounds have produced novel
compounds that show remarkably selective chemical behaviour including ion
and molecular separations, transport and catalysis, up to enzyme-like action,
controlled functionally and molecular intelligence. This work has attracted
attention in many fields of application where selectivity in general and
programmed supramolecular functions are of prime concern including chemical
devices based on sensing, switching and transformation, nanotechnology and
other high-tech uses. All these processes and phenomena imply a particular
property, i.e. ‘molecular recognition’ - the key word and leading idea of the
present book.

The creation of molecules which have this property is not a trivial concern.
It is obvious from the five indiviual chapters covered in the book, there are
outstanding experts with a master's touch in the field who have constructed
molecular holes, niches, cavities and clefts that are capable of forming selective
host-guest complexes and inclusion compounds.

Although this book is the second volume published under the topic
‘Supramolecular Chemistry', it is more than merley a sequal to the previous
volume ('Supramolecular Chemistry I - Directed Synthesis and Molecular
Recognition', Top. Curr. Chem., Vol. 165) since it introduces new important
aspects of supramolecular receptor design. This is greatly acknowledged by
the editor. He wishes to express his heartfelt appreciation to all the contributers
who have made this book possible.

Freiberg, December 1994 Edwin Weber
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Cucurbituril is a novel nonadecacylic cage compound with an exceptional capacity to encapsulate
alkylammonium ions within its hollow core. The structure readily self-assembles from acidic
condensations between urea, glyoxal and formaldehyde. As a receptor for substituted ammonium
ions, it demonstrates molecular recognition phenomena with high specificity, allowing quantitative
thermodynamic evaluation of hydrophobic effects, as well as permitting systematic examination of
the dynamics of noncovalent binding. Cucurbituril also induces an azide-alkyne 1,3-dipolar cycload-
dition, providing a kinetic acceleration of approximately 10°-fold, and in the process exemplifying
the Pauling principle of catalysis.
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W.L. Mock

1 Introduction

It may come as a surprise to learn that one of the more selective and most easily
accessible of the synthetic molecular receptors was first reported as long ago as
1905. In that year Behrend [1] described the acidic condensation between an
excess of formaldehyde (CH,0) and the bis-ureide glycoluril (C,H¢N,O», itself
a condensation product of CHOCHO and two NH,CONH,;). The initial
product so obtained should probably be regarded as a crosslinked, aminal-type
polymer by virtue of its physical properties (amorphous character, insolubility in
all common solvents). In seeking a more tractable material from this precipitate,
Behrend and his coworkers resorted to treatment with hot, concentrated sulfuric
acid, which eventually dissolves the substance. When such solution is diluted
with cold water and subsequently boiled, a crystalline precipitate is obtained,
Eq. (1). Methods of the time were not adequate for identifying the product,
which was simply characterized as C,oH;;N,04-H,O. The substance was
shown to be exceedingly stable toward a number of potent reagents. Also,
a series of crystalline complexes incorporating a surprising variety of metal salts
and dye stuffs was recorded.

Hn_ _NH

H,0, HCI concd H,S0,
O=:< ‘ )=:0 + excess CHy0 — . precipitate ﬁ
N
N H (1)
“glycoluril® H,0 A
——m solution — “cucurbituril”
0-10C

In the early 1980s we came across this report and were intrigued by it. The
preparation was repeated without difficulty and a spectral characterization of
the product was carried out. It was immediately apparent that the imidazolone
ring of the glycoluril remained intact (IR, 1720cm™ 1} and the NMR spectrum,
consisting of only three equal-intensity signals, indicated a highly symmetrical,
non-aromatic structure: 8 5.75 (singlet, from glycoluril nucleus), 4.43 and 5.97
(doublets, formal-derived). The inferred reaction stoichiometry was then

Fig. 1. Perspective representation of the structure
of cucurbituril; from [15] with permission
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nC,HgN,O, + 2nCH,0 — (CsHgN,O,), + 2nH,0. That prompted an X-ray
crystallographic investigation [2, 3], revealing the hexameric macropolycyclic
structure of composition C36H36N240;, now known as cucurbituril (Fig. 1). The
designated trivial name (pronunciation: kyu - ker"- bit - yur - eel ) derives tongue-in-
cheek from the general resemblance of models of the molecule to a gourd or
a pumpkin (of botanical family Cucurbitaceae).!

A remarkable chemical aspect of the structure is that all of its 19 rings are
held together entirely by aminal linkages, formed of the constituents formalde-
hyde, glyoxal, and urea. The most notable feature as regards molecular recogni-
tion is the presence of an internal cavity of approximately 5.5-A diameter within
the relatively rigid macrocyclic structure, to which access is provided by a 4-A
diameter “occulus” situated among the carbonyl groups on both the top and the
bottom of the molecule as depicted. While some developmental work on the
synthesis has been carried out, the procedure of Behrend has not been substan-
tially improved upon. We suspect that the material ultimately obtained is the
product of an acid-induced, thermodynamically controlled rearrangement of an
initially formed, irregular, macromolecular condensation product. In view of the
subsequently elaborated cation-binding properties possessed by the carbonyl-
fringed “occuli”, we think it likely that a template synthesis is involved, with
hydronium ions at this locus providing nuclei for assembly of the convex
structure. That would explain why only the cyclic hexamer is produced; oli-
gomers with greater or fewer glycoluril units have not been detected in the
standard synthesis. It might be noted that a cyclic pentamer has been secured
under milder acidic conditions with formaldehyde and dimethylglycoluril (i.e.
the bis-ureide obtained from 2,3-butanedione rather than glyoxal) [4, 5]. This
observation may indicate a subtle oligomerization dependence contingent upon
small bond angle deformations within the monomer units, The methylated
derivative has a smaller cavity, and has not provided any host-guest chemistry,
aside from a possible complexation with acetylene.

2 Molecular Recognition

2.1 General Considerations

The cavity inside cucurbituril can hold small organic molecules. This has been
established crystallographically [3], and is easily investigated in solution by

! The proper (current Chemical Abstracts index) name is dodecahydro-1H,4H, 14H, 17H-
2,16:3, 15-dimethano-5H, 6H, 7H,8H,9H, 10H, 11H, 12H, 13H, 18H,19H,20H,21H, 22H,
23H, 24H, 25H, 26H-2, 3, 4a, 5a, 6a, 7a, 8a, 9a, 10a, 11a,12a,13a, 15,16, 17a, 18a, 19a, 20a,21a,22a,
23a,24a,25a, 26a-tetracosaazabispentaleno[1”,6": 5", 6", 7"Jeycloocta[1”,2",37:3' 4" Ipentaleno
(1,6':5, 6, T)-cycloocta(l, 2, 3-gh: 1", 2/, 3-g'h')cycloocta(l, 2, 3-cd: 5, 6, 7-¢'d)dipentalene-1, 4, 6, 8, 10,
12,14,17,19,21, 23, 25-dodecone. Alternatively, itis 1,3, 5, 7, 10, 12, 14, 16, 19, 21, 23, 25, 28, 30, 32,
34,37,39,41,43,46, 50, S2-tetracosaazanonadecacyclo[41,11.1.17:19,110-52 116,28 125,37 134.46 (3.53
05'9.08'12.0“"8.0‘7'21.023‘27.02("30.032'36.035'39‘0“1“‘5,0“""8.050'5“]hexacontane-2,6 11,15,20.24.
29,33,38,42, 47, 51-dodecone. T

3



W.L. Mock

NMR spectroscopy [6, 7]. Although some simple aliphatics do bind [7], most
work has been done with alkylammonium ions, which show exceptional ligand-
receptor affinity. To a certain extent this has been a matter of practicability,
since cucurbituril only dissolves appreciably in aqueous acidic solution
(HCO,H-D,O has been adopted as the “standard” solvent). It seems that
protonated-amine cations coordinate to the occuli of cucurbituril, due to favor-
able ion-dipole attractions cumulatively involving the urea carbonyls. Should
a suitably-sized hydrocarbon substituent be attached also to an ammonium ion
that is engaged in such fashion, it may enter the internal cavity, displacing and
freeing solvent molecules and making a hydrophobic contribution to complexa-
tion. This coupling of recognition factors lends great specificity to the capture of
alkylammonium ions. An illustrative sampling of the binding behavior exhibited
by cucurbituril ensues.

2.2 Structure and Selectivity
2.2.1 Evidence for Internal Binding [7]

The 'H NMR spectrum of 1,5-diaminopentane in HCO,H-D,O solution ex-
hibits two CH resonance multiplets at 63.17 and 1.77. These correspond
respectively to the methylene units adjacent to ammonium ions (4 H) and to the
remaining, or central, methylene groups (6 H). Addition of small portions of
cucurbituril to such a solution leads to a progressive replacement of these
signals by two new multiplets, at 62.73 and 0.77. Eventually, a stoichiometric
adduct (1:1 mole ratio) may be obtained. When an excess of the diamine ligand
is present, both sets of NMR signals are seen, indicating that exchange between
bound and free pentanediammonium ions is slow on the NMR time scale. This
is a common feature of cucurbituril complexes, and greatly facilitates relative
affinity measurements for guests by NMR spectral integration, as described
subsequently. The upfield chemical shifts upon complexation are characteristic,
and indicate that the interior of cucurbituril comprises a proton-shielding region
relative to the acidic aqueous medium employed for solvating the host species.

HEN«—CHz-"CHg—CHZ-NHz
(Not bound internally)
HZN—CHZ—CHZ—CHZ—CHZ—Nﬂz
(+0.83) (+1.08) {+1.08) {+0.83)
HZN—CHZ——CHz—-CH2-CH2—CHg—NH2
(+0.44) (+1.00) (+1.00) (+1.00) (+0.44)
H2N-CH2—CH2—CH2—CH2—CH2—-CH2-—NHz

{+0.04) (+1.01) (+0.83) (+0.83) (+1.01) (+0.04) Fig. 2. '"HNMR induced shifts
H,N—CH,—CHy—CHy~CH,~CH~CHy —CHp—NH; (ppm) of methylene groups of al-
(-0.08) {+0.49) (+0.87) (+0.87) (+0.87) (+049) (~0.08) kanediammonium ions upon com-

HZN"CHZ"CHZ_ngo_cgﬁ_fﬂg)_c‘{’é_‘ggg-)“?g%’NHz plexation with cucurbituril
(-0.07) (+0.29) (20,80 1 ot T (D,0-HCO,H solution); from [7]
with permission

X
%
%
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This NMR technique has been applied to a series of alkanediammonium ions,
and the results (induced shifts of proton resonances) are summarized in Fig. 2. It
may be seen that the shielding region extends for approximately 4.5 methylene
units, or 6 A, which coincidentally is the interatomic distance axially spanning
the cavity of cucurbituril. Similar induced chemical shift effects are found in
13C NMR spectra, and UV spectral perturbations are noted upon encapsula-
tion of certain aromatic-ring bearing ammonium ions (particularly 4-methyl-
benzylamine). Conclusive evidence for internal complexation with cucurbituril
has been secured by crystallography [3].

2.2.2 Competitive Complexation

In an effort to define practically the dimensions of the host cavity, we have
surveyed the complexing capability of cucurbituril toward a variety of potential
guests. Formation constants for over 60 substituted ammonium ion ligands of
this receptor have been ascertained [6, 7]. This has been achieved mainly by
competitive NMR experiments in which an excess of two different RNHJ
cations was allowed to compete for a limited amount of cucurbituril in the
standard solvent. The composition of the resulting mixture was then determined
by accurate NMR integration. This method was supplemented by a similar
quantitative UV technique for guests showing a spectral perturbation on com-
plexation. By use of such methods, with appropriate relays between ammonium
ions for which cucurbituril has very dissimilar captivation potential, an exten-
sive compilation of relative affinities has been made available [7]. An
abbreviated list of comparative binding efficiencies is provided in Table 1.
The data cumulatively lead to the following general conclusions. Within
homologous series of n-alkaneamines, the pattern of affinity for cucurbituril is
one of gradual enhancement as chain length is increased until a maximum is

<
St
<
St
-~
M (=1
=1 iy Y
3
|
<
=
Fig. 3. Dependence of strength of binding of
cucurbituril upon chain length for n-alkylam-
Stk monium ions (O-O) and n-alkanediam-
monium ions (A-A). Vertical axis is propor-
- tional to free energy of binding (log K ); from
= T— ke [7] with permission

1 2 3 4 5 6 7 8 9 10
Chain Length (No. Carbon)
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Table 1. Affinity data for ligand-receptor complexes of cucurbituril {7]

No. Ammonium ion ligand K. (relf No. Ammonium ion ligand K, (rely
f. NH; 0.25 diammonium ions:
‘ 25. NH,(CH,),NH
simple alkyl substituents: 2 NHZECH2;3NH2 483’8
: 2 274 2
2. CH,NH, 0.25 27. NH,(CH,),NH, 7600
3. CH,CH,NH, 0.3 28. NH,(CH,),NH, 8600
4. CH,(CH,),NH, 376 29. NH,(CH,),NH, 135
5. CH,(CH,),NH, 307 30. NH,(CH,),NH, 28
6. CH,(CH,),NH, 74 31. NH,(CH,),NH, 1.5
7. CH,(CH,),NH, 7.0 32. NH,(CH,),,NH, 03
8. CH,(CH,}/NH, 03
9. (CH,),CHCH,NH, 67 arene-containing substituents:
10. (CH,),CH(CH,),NH, 109 33. C,H,CH,NH, 08
11 (CH,),CH(CH,),NH, 13 34, p-CH,C,H,CH,NH, 10
12. CH,CH,CH(CH,)CH,NH, 6.0 35. (2-C,H,S)CH,NH, 710
13, CH,CH,CH(CH,)(CH,),NH, 33 36. (2-C,H,0)CH,NH, 350
cyclo-alkyl substituents: miscellaneous:
14. cyclo-(CH,),CHCH,NH, 45 37. (CH,),C(CH,),NH, <0.1
15. ¢yelo-(CH,),CHCH NH, 1130 18, CH3(CHZ)SNHCH3 340
16. CyCIO-(CH2)4CHCHZNH2 1040 39, CH3(CH2)3N(CH3)2 23
17. CnyG-(CHZ)ZCHNHZ 1.2 40. NHz{CHz)()OH 36
18 cyclo-(CH,);CHNH, 9.2 41. HC=CCH,NH 48
19. eyelo-(CH,),CHNH, 19.5 2 Na(CszNsz ’ 12
hioeth aini bt 43. NH,(CH,),NH(CH,);NH, 4200
ioether-containing substituents: 44, NH,(CH,).NH(CH ), NH(CH,),NH
N P 2/3 2/4 2/3 2
20. CH,S(CH,),NH, 52 40000
21. CH,CH,S(CH,),NH, 105
22, CH,S(CH,),NH, 27
23. CH,CH,S(CH,),NH, 23
24. cyclo{CH,S),CHCH,NH, 1810

a Formation constant relative to no. 34, for which absolute value of K, = 3.1 mM in aqueous formic acid,
40°C.

reached, followed by diminished affinity upon further extension. This is conve-
niently seen graphically in Fig. 3. For substrates H(CH,),NH3, n-butylamine
forms the most stable complex (n = 4) and the order of affinities for cucurbituril
follows the trend n=1<2<3 <4 >5>6>7 As subsequently amplified,
the explanation is that the butyl substituent optimally fills the cavity, and longer
chains are obliged to protrude into the second occulus of cucurbituril, interfer-
ing there with solvation of the carbonyl! dipoles. A similar pattern is observed
with the n-alkanediamines, for which a hydrocarbon chain length of 5 or 6 is
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best (Fig. 3, dashed line). In this series guests that are longer apparently encoun-
ter difficulty in simultaneously coordinating both ammonium ions to occuli of
cucurbituril. A rapid shuttling of the receptor along the hydrocarbon chain
between nitrogens is suggested by a “smearing out” of the NMR shielding zone
as may be seen particularly for octanediamine from the data in Fig. 2.
Although the nominal opening within the occuli of cucurbituril is only 4 A in
diameter, the internal cavity calculates to be somewhat larger than 5 A across,
suggesting that groups of greater dimensions than a polymethylene chain could
be successfully incorporated. This is the case; complexation has been observed
with isobutyl- and isopentylamines, as well as with cyclopropane-, cyclobutane-,
and cyclopentane-substituted amines. Such examples indicate that the cavity can
accommodate a branching methyl group or an aliphatic ring size up to five. On
the other hand, cyclohexanemethylamine and n-alkaneamine chains bearing
an ethyl substituent or more than one branching methyl group (e.g.
(CH;CH,),CHCH,NHJ, (CH;);CCH,NH;, (CH,),CHCH(CH;)CH,NHJ,
etc. . .) all showed no perturbation of NMR peak positions in the presence of
cucurbituril. Apparently they are too bulky to form an internal complex. The
benzene ring, which has van der Waals dimensions (6-A diameter x 4-A thick)
larger than the estimated internal cavity, does incorporate satisfactorily when
attached to a suitable cation. This constitutes a special case to be considered
subsequently. A cross-sectional representation of the cyclopentanemethylam-
monium ion complex of cucurbituril is presented in Fig. 4, demonstrating
optimal filling of the internal cavity by the ligand, and with the cationic group in
registry (H-bonding) with the receptor carbonyl groups. In the latter regard,
cyclopentylammonium ion (lacking the CH, between ring and cation) binds

Fig. 4. Conjectured cross-sectional representation of complexes of cucurbituril plus n-butylam-
monium ion, as well as with cyclopentanemethylammonium ion. Outlines are drawn to van der
Waals radii (maximum projection for all atoms upon axial rotation of the receptor, crystallographi-
cally determined interatomic distances for cucurbituril). Two N-H-.-O=C hydrogen bonds may

form,l bpl the third H-N" projects incorrectly for coordination to the receptor; from [7] with
permission
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53-fold less readily than the species shown, and pyrrolidinium (cation within the
ring) apparently binds not at all.

Such considerations suggest that proper alignment of bound ammonium
ions with the host carbonyl dipoles is critical. Since there are six of the latter
surrounding each occulus of cucurbituril, it would seem that a tripodal H-
bonding scheme is possible, employing the oxygen atoms of alternate carbonyls
as H-bond receptors from the RNHZ ion. Indeed, this should be the case for
very small guests (e.g. CH3;NHZ). However, closer examination of structural
models such as Fig, 4 suggests that this may not be valid for guests which fill the
cavity of cucurbituril. The difficulty is that such a symmetrical H-bond network
requires a C—N bond within the guest which is colinear with the central axis of
the host. For the n-butyl group in a staggered conformation, the C-N bond
must be tilted off-axis in order to avoid unacceptable van der Waals contacts
between the rest of the guest and the interior of the cavity of cucurbituril (cf.
Fig. 4). As a consequence only two of the protons on nitrogen (H, in Fig. 4) may
contact carbonyl oxygens, and the third (H,) projects away from the occulus.
This somewhat esoteric point is susceptible to experimental test. Upon examin-
ing the ligation of n-butylammonium ions to cucurbituril, one finds that
n-C,HgNHT and n-C,H,NH3CH; bind equally well, whereas n-C,Hg-
NH*'(CH;), binds >1000-fold more poorly. This reveals that one
of the H-N linkages of n-butylamine may be replaced by an alkyl residue
without detriment to binding (i.e. CH3 may occupy the H, site), but substitution
of two H-N bonds by methyls strongly perturbs binding (by invading the
H, site). The same trend is noted for the complexation of hexanediamines [i.e.
NH(CH,)sNHT ~ CH3;NH;(CH,)sNH; CH; » (CH;),NH*(CH ;) NH"-
(CHj).].

However, we believe that the pair of hydrogen bonds so disclosed at each
occulus is only indirectly of consequence energywise. This conclusion follows
from an observation that whereas NH3(CH,)¢NH3; binds 1000-fold more
tightly to cucurbituril than does H(CH,)sNH7, complexation of HO-
(CH,)¢NH37 is actually weaker than for the n-hexylammonium ion. Evidently
the hydroxyl group contributes nothing to stabilization of the adduct, in spite of
the fact that an alcohol is also a good H-bonding substituent. By way of
explanation, the important consideration would appear to be the difference in
stabilization of free and complexed guests. While the alcohol as well as the
ammonium ions may be H-bonded in the complex, in the absence of the receptor
they would also be fully H-bonded within the polar aqueous solvent employed.
The consequential feature of ammonium ions is that they are charged. The occuli
of cucurbituril represent a region of negative charge accumulation, since the
anionic ends of the dipoles of six urea carbonyl groups are focused there. Hence,
it is our understanding that the high specificity for ammonium ions is largely an
electrostatic ion-dipole attraction. H-bonding may occur, but this is incidental; it
merely allows the closest contact between cation and dipole.

Binding of arylamines constitutes the most sensitive test of the internal
capacity of cucurbituril. A complex is formed with p-CH;C¢H,CH,NH3, but

8
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not with its 0- and m-isomers: the methyl group must be able to orient into the
second occulus. Benzylammonium ion itself binds relatively weakly, but
thiophenemethylammonium ion, which has dimensions closer to that of the
internal diameter of the host, has a 700-fold higher affinity. This suggests that
a benzene ring exceeds the strain-free binding capacity of the receptor. The latter
idea finds confirmation in the crystal structure of the p-NHiCH,C¢H.,-
CH,NH7 complex of cucurbituril [3]. The cage structure of the host is clearly
distorted into an ellipsoid shape in this adduct, with more than a 0.4-A decrease
in diameter (compared with uncomplexed cucurbituril) in a direction perpen-
dicular to the guest benzene ring and with a compensating increase within the
plane of the aromatic ring. Hence, the relatively low affinities of benzenoid
guests reflects a balanced compensation between favorable noncovalent binding
forces and a stress-strain relationship involving host and guest. If the difference
between the stability of the complexes of C¢HsCH,NHZ and (2-C,H;S)CH,-
NHJ is taken as a measure of misfit, then there is a 4G of 4.2 kcal/mol which
should be partitioned as 2.1 kcal/mol distortion energy in cucurbituril (strain)
and 2.1 kcal/mol of compression energy (stress) within a bound benzene. In any
event, a practical limit to the inclusion capacity of cucurbituril corresponds to
the volume of a benzene ring.

2.2.3 A Molecular Switch

The availability of quantitative guest-affinity data as previously discussed allows
the engineering of molecular devices based on cucurbituril. An example is the
construction of the “molecular switch” (defined as a ligand-receptor system
which has the capacity to exist in more than one state, contingent upon some
controlling element) that is diagrammed in Fig. 5. Triamine ligand C¢H;NH-
(CH,)sNH(CH,),NH, was specifically designed and prepared so as to be
capable of binding in two distinct ways to cucurbituril [8]. The important
feature of the guest is that the pair of nitrogen atoms not connected directly to
a benzene ring ought to be 10°-fold more basic than the one which is. The other
piece of relevant information is that hexanediammonium ion binds 100-fold
more tightly than butanediammonium ion with cucurbituril (Fig. 3). The pK, of
the anilinium nitrogen of the ligand, which has a value of 4.7 in aqueous solution,
increases to a value of 6.7 in the presence of a stoichiometric amount of
cucurbituril (as measured by spectrophotometric titration). Such behavior was
quite predictable, and its cause was revealed by NMR spectroscopy of the
complex as a function of pH. In acidic solution cucurbituril adheres to the ligand
by spanning the hexanediamine portion, but at a pH of >6.7 it coordinates to
the butanediamine end as in Fig. 5 (bottom). So long as the aniline nitrogen
remains protonated, binding is favored across the six-carbon site because of its
greater complementarity to the interior dimensions of the receptor, with both
occuli being occupied with secondary ammonium ions, Fig. 5 (top). Upon
deprotonation of the aniline nitrogen, the receptor translocates to the four-
carbon site of the ligand. While binding with a butanediammonium ion may be
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pH>6.7 ” pH<6.7

Fig. 5. Conjectured cross-sectional
representation of complex for cucur-
bituril plus C,H,NH(CH,)NH-
(CH,),NH, in acidic and in alkaline
solution. Outlines are drawn as for
Fig. 4. In all probability a slight
buckling of the hexyl chain actually
occurs in the upper situation, better
filling the cavity and bringing the am-
monium ions into improved align-
ment with the carbony! dipoles of the
receptor, from [8] with permission

ONE
AR
~

“H

intrinsically less favorable, it is superior to that of an n-hexyl(mono)ammonium
ion. The evidence indicates that coordination at the subsidiary site is 100-fold
less stable thermodynamically, since a 2 pH-unit bias is necessary to drive the
receptor to this position from its favored location. In this “switch” a hydronium
ion is functioning as a control element, inducing translocation between two
ligation states, so as to maintain optimal ion-dipole interactions.

2.3 Quantitative Structure-Activity Correlations

The availability of formation constants for a large number of structurally diverse
alkylammonium ions also encourages attempts to identify quantitatively those
chemical features of a resident ligand species that are responsible for stability
and selectivity within complexes of cucurbituril. In order to secure interpretable
results, a subset of data was compiled, restricted to mono-substituted am-
monium ions carrying exclusively alkyl or thioether residues [9]. Only included
were moieties for which internal complexation with cucurbituril was established
{NMR evidence) and for which substrate-specific overcrowding (such as with the
arenes) was unlikely. A short list consisting of the first 24 guests in Table 1 was
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found to meet these criteria. The intention was to evaluate systematically those
factors governing the hydrophobic component of molecular recognition in this
system. All substrates were monoammonium ions, so that the ion-dipole attrac-
tion with the urea carbonyls should be a constant feature, cancelling out upon
data reduction.

Initial attempts to correlate the affinity of ligands toward cucurbituril using
independently estimable parameters such as van der Waals molecular surface
area or molecular volume of the guests were relatively unsuccessful. The difficulty
apparently is that the interior of the receptor has a definite shape and distribu-
tion of polarity, so that complementarity between cucurbituril and its ligand
depends more subtly upon structure of the bound entity. Consequently we opted
for an empirical treatment of our data, which would yield an indication of how
particular regions of the interior of cucurbituril interact with ligands.

A major complication in interpreting the disparate affinities of various
ligands for cucurbituril is that the experiment K values that we have obtained
represent differences between stabilization energy of the complexes and the
solvation energy of the individual components prior to association. Conse-
quently, a large differential between the strength of complexation of any two
alkylammonium ions with cucurbituril might actually reflect major differences
in their solvation in the absence of receptor, rather than any very great difference
in the absolute stabilities of the complexes themselves. This seems particularly
so, when it is realized that ligands are effectively sequestered from solvent when
ensconced within cucurbituril (cf. Fig. 4). Therefore, a systematic treatment of
comparative affinities for cucurbituril must first account for solute-solvent
effects in the free (unbound) ligands.

A resolution for this problem has been identified by Hine [10]. In principle,
the reference state for the uncomplexed ligand should be the dilute vapor phase,
rather than in solution, so that all intermolecular contacts are negated in the
dissociated state. In such a case the relative affinities of ligands for cucurbituril
would solely reflect stability of the complexes. Although such a measurement is
not directly feasible in our case, data exists that allows computation of an energy
term for solvation of each of the employed ligands. From empirical source data
consisting of aqueous solubilities and vapor pressures of model organic substan-
ces, Hine has provided a group-contribution scheme yielding the intrinsic
hydrophobicity of various fragments of an organic structure (CH,-, —CH -,
~CH<, S~ etc. . ., in various molecular environments). Using these para-
meters one can make a solvation correction for each of the ligands to be
correlated (ie. group-transfer equivalents from aqueous solution to the vapor
phase). When this is done a reduced data set is produced, in terms of free
energies of binding, which is likely to reflect primarily the fit of substrates within
cucurbituril [9].

In order to process the emended data in as unprejudiced a manner as
possible, we adopted as our fundamental variable for correlating structure with
affinity the intramolecular distance of an alkyl fragment of a bound ligand from
its ammonium ion. The rationale for this approach is that the binding site for the
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Fig. 6. Conjectured cross-sectional representation of complex
for cucurbituril plus n-pentylammonium ion. Qutlines are
drawn as for Fig. 4. Methylene groups are labelled according to
their relationship to the ammonium residue (x—¢); from [9] with
permission

RNH7 moiety is established and is presumably invariant (for the most part); ie.
the ammonium ion coordinates with the carbonyl dipoles of cucurbituril as
depicted in Fig. 6. We then inquire as to the contributions of hydrocarbon {or
thioether) fragments in the &, 8, y, 4, and ¢ positions, as also notated in Fig. 6, to
the stability of the ligand-receptor complexes. So as to do this most efficiently,
we simply count hydrogen atoms at each of these posittons. Since the hydrogens
represent regions of contact with the receptor, they provide an elementary index
of potential interaction with the interior of cucurbituril. No distinction is made
between primary (CH,), secondary (CH,), or tertiary (CH) hydrogens in our
analysis, i.e. a methylene group is assumed to be twice as consequential as
a methine moiety. In the case of branched or cyclic alkyl substituents, the
number for a particular type of hydrogen is incremented accordingly.

The purpose of this breakdown is to perform a regression analysis upon
corrected binding energies, and thereby to identify how the location of each
individual ligand-CH fragment influences stability of the receptor
complexes. In order to get meaningful results from such an approach, it is
necessary to restrict the number of disposable parameters to a minimum,
Preliminary multiparameter fitting indicated that certain individual
CH-fragment contributions could be combined for purposes of simplification. It
appeared that hydrogens in the y and § positions (Fig. 6) were the major
hydrocarbon contributors to stabilization of the complexes and that their
contributions were comparable. Accordingly, these parameters were united.
Conversely, hydrogens in the o or the ¢ and ¢ + positions (i.e. inmediately next
to, or more than four atoms removed from the nitrogen, as in n-pentyl- through
n-heptylamine) made an unfavorable contribution to ligand-receptor inter-
actions. These too were combined into a single parameter. The influence of
hydrogens in the § position (Fig. 6) appeared to be nearly neutral, and these
were consequently ignored in the final fit. Sulfur atoms (thioether linkages in the
y or & positions) made a strong positive contribution, and they were assigned to
a separate parameter. Ultimately, an adequate correlation of binding energies
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for all 24 substrates was secured with just these three adjustable parameters
(plus a catchall fourth term common to each, incorporating the ammonium
residue and other essentially constant but unevaluable factors, such as desolva-
tion of the receptor upon cation complexation).

The upshot of this analysis is that a methylene group within the center of the
cavity inside cucurbituril (.. in the y or § positions, Fig. 6) provides beneficial
noncovalent binding amounting to ca. — 0.76 kcal/mol (4G), according to the
data treatment indicated. It has been independently estimated that transforma-
tion of a —CH,~ moiety from the vapor phase to a hydrocarbon liquid is
exergonic by — 0.82kcal/mol (from heats of vaporization). Hence, the central
interior of cucurbituril appears typically “hydrocarbon-like” (since our 4G is
also referenced to the vapor state). Placing a sulfur atom in that same location
appears to result in an even greater stabilization (4G = — 5.3kcal/mol per S).
This finding matches theoretical expectations based upon the relative polariz-
abilities of -CH,~ and S, which suggest the availability of greater dispersion
forces at the interface in the latter case. However, the practical consequences of
this phenomenon as regards hydrophobic binding are considerably less, for the
~S~ group has a compensating enhanced hydrophilicity according to Hine’s
data, a point which has not always been appreciated [9]. On balance, the -CH ,—-
and ~S- groups are surrogates for one another, as can be seen by comparing
K values for isostructural ligands in Table 1.

Perhaps the most telling feature of the factor analysis is a AG of
+0.76 kcal/mole associated with placing a methylene group within the vicinity
of the oxygen atoms of cucurbituril (i.e. in the a or ¢ positions). Forcing a —CH ,—
to reside near the occuli of the receptor apparently has a destabilizing effect,
which coincidentally is of same magnitude but of the opposite direction as
placing it in the center of the cavity. The polarized regions surrounding the carbonyl
groups (adjacent to and opposite from the ammonium ion binding site in Fig. 6)
reject hydrocarbons. Apparently it is the concurrent interactions of these neigh-
boring regions of the receptor that are responsible for the exceptional selectiv-
ities that cucurbituril exhibits toward hydrocarbon-containing guests. Displac-
ing water from the polarized region of the carbonyls, as required of lengthier
alkyl chains which protrude into the second occulus, provides endergonicity
comparable to the exergonicity of filling the cavity with methylene groups. It is
the close juxtaposition of hydrophobic and hydrophilic regions within cucur-
bituril that doubles the selectivity that is ordinarily obtainable in transferring
hydrocarbons from aqueous to lipid-like environment. It seems highly likely
that biological receptors should be able to take advantage of this phenomenon.
Proteins are replete with the appropriate functionality (hydrocarbon side chains
plus carboxamide dipoles). In this respect, cucurbituril is a uniquely informative
biochemical model system.

In principle, a thermodynamic value for the ion-dipole interaction could be
acquired as well by the incorporation of several alkanediamines into our data
set in the foregoing analysis. However, a second ammonium ion has in fact
a disproportionate effect, and it cannot be meaningfully placed on the same scale
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as the hydrocarbon fragment increments previously considered (at least not
with reference to the vapor phase). For what it may be worth, 1,5-pen-
tanediamine binds more tightly than n-pentylamine by — 2.8 kcal/mol (unem-
ended AG). This may be a reasonable estimate for the attactive contribution to
binding by six carbonyl dipoles interacting with one ammonium ion (over and
above the stabilization provided by aqueous formic acid).

2.4 Dynamics of Binding

So far, the studies of cucurbituril described have been thermodynamic investiga-
tions, in which factors contributing to the overall stability of molecular com-
plexes have been explored. While bounteous, these only partly address the
question of receptor specificity. For example, in biological systems the kinetics of
noncovalent interactions, such as between enzymes and substrates, may be of
greater consequence. Clearly, the dynamics of molecular recognition deserve
additional attention. Cucurbituril provides diverse opportunities in this area

[11].

2.41 Guest Displacement Mechanism

As previously indicated, for many cucurbituril ligands the exchange between the
interior cavity and external solvent is slow on the NMR time scale (separate
signals for bound species and for excess ligand). In the course of collecting
affinity data, it was noted that in a number of instances equilibrium was only
slowly attained when a second ligand was added to a preexisting solution of
cucurbituril complexed with an initial ligand. The change in NMR signal
intensity was observed to follow an exponential decay. This makes feasible
systematic investigation of the kinetics of ligation.

Because there are two opposed occuli providing entrances to the cavity
within cucurbituril, a concerted substitution is imaginable whereby a pre-
existing ligand is pushed out by its replacement. Were this associative process to
take place, the reaction velocity should accelerate proportionately upon increase
in the concentration of displacing agent (second-order reaction). However, the
experimental results were otherwise. For example, when (CH,),CHCH,-
CH,NH7 within cucurbituril is replaced by a molar equivalent of (2-C,H;0)-
CH,NH1, a (pseudo)first-order rate constant of 0.37 x 10735~ ! was measured;
a 10-fold increase in the concentration of the second species actually yielded
a small rate decrease, to k = 0.24 x 10~ >s~ %, Similar results were obtained upon
variation of concentration with a number of other mono- and diammonium ion
ligand pairs. It must be concluded that the substitution is a dissociative process:
in a slow step the initial guest escapes from the cavity (or is displaced by solvent),
with a subsequent competition between ammonium ion species for the free cage
molecule.
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Another detail of ligand dissociation from cucurbituril commands interest,
particularly in the case of alkanediamines. Obviously one of the nitrogens of
a bound alkanediammonium ion must be drawn through the core of the
molecule. With the nitrogen protonated, desolvation of the charged moiety as it
passes into an apparently “hydrocarbon-like” environment should contribute
substantially to the activation energy of the process, but transient deprotonation
of one nitrogen could obviate the problem. This should show up as a pH
dependence for the rate of ligand exchange. Since rate measurements are ob-
tained in buffered medium (HCO,H/HCOQ;), this uncertainty ought to be
resolvable. Upon a pH increase of one unit, there would necessarily be a 10-fold
increase in the small equilibrium amount of (unprotonated) alkylamine com-
plexed in acidic solution. However, the experimental observation is for no
significant velocity dependence upon pH, for either an alkanediammonium ion
or for a simple alkyl{mono)ammonium ion in buffered aqueous formic acid
solution {pH values of 1-4). This suggests that deprotonation is not required for
ligand dissociation from cucurbituril to proceed.

2.4.2 Rate Dependence Upon Ligand Size

Because of the constriction provided by the occuli of cucurbituril (diameter 4 A),
ligands which entirely fill the cavity (cf. Fig. 4) might be expected to exchange
more slowly. A systematic investigation of this phenomenon is summarized in
Table 2. The relevant numbers are the values of k;,, the second-order rate
constant for bimolecular formation of the complexes [117]. Although these can
be measured directly by UV spectrophotometry for the slow incorporation of

Table2. Ligand-receptor kinetic data for cucurbituril

No. Ligand® 10°K,, M 10°k,,.,s7 ! ki ,s"*M™! T,°C
I. p-CH,C,H,CH,NH, 310 850 27
2. (CH,),CH(CH,),NH, 28 37 133
3. (CH,),CH(CH,),NH, 2 120 50
4. (2-C,H,S),CH,NH, 043 9.3 214
5. cyclo-(CH,S)CHCH,NH, 0.17 16 92
6. cyclo{CH,),CHCH,NH, 0.30 16 55
7. cyclo{CH,),CHCH,NH, 027 1600 5900
8 cyclo{(CH,),CHCH,NH, 68 >10™ =106 <40
9. CH,(CH,),NH, 1.0 74
10. CH,(CH,),NH, 42 89
11. CH,(CH,),NH, a4 89
12. CH,(CH,),NH, 990 45

* In HCO,H/D,O solution, 40°C (data extrapolation from lower temperature for no. 1), * Estimated from
NMR coalescence behavior [11].
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arylammonium ions (entry no. 1), more generally they are determined from the
ratio k,, /K, the rate constant for dissociation (measured by NMR as pre-
viously described) divided by the equilibrium dissociation constant (measured
by competition between ligands). The directly determined rate constant ko, is
less suitable for evaluating the transition state leading to complexation, since its
values should also reflect the differential stabilities of the complexes themselves.
The general pattern is that branching within the alkyl portion of the substrate
uniformly retards insertion of a ligand into cucurbituril.

A straightforward connection exists between the thickness of the ligand and
its rate of complex formation with cucurbituril. The trend is succinctly illus-
trated by the cycloalkanemethylammonium ions, entries no. 6-8. The five-
membered carbocycle, with a calculated maximum van der Waals diameter of
5.7 A (i.e. across the 2,5-positions of the ring), forms its adduct most slowly. The
smaller four-membered ring binds more speedily by three orders of magnitude.
The three-membered ring is even more rapid, as are the n-alkylammonium ions,
diameter 4 A. In the latter cases displacement rates are not measurable by the
technique indicated. However, coalescence behavior is seen in the NMR spectra
upon variable temperature examination of cucurbituril complexes in the pres-
ence of an excess of the ligand. This indicates rapid exchange, which apparently
does not depend greatly upon the length of the n-alkyl chain (T, = coalescence
temperature). Unbranched hydrocarbon chains, with a diameter matching that
of an occulus, clearly may slip in without impediment, but the larger-dimensioned
rings and isoalkyl hydrocarbon moieties are obliged to force their way into
cucurbituril, with probable distortion of the opening in the receptor.

2.4.3 Absence of Dynamic Cohesion

The molecular motions of guests ensconced within cucurbituril are of interest.
Information on the relative tumbling rates in solution of receptor and ligand is
accessible from NMR spectroscopy [11]. The predominant relaxation process
for 13C nuclei within CH, and CH groups arises from dipolar interactions with
directly attached hydrogen nuclei. For a '*C nucleus the measured spin-lattice
relaxation time 7 yields a correlation time ¢, for its motions according to the
equation £, = (2.8 x 10711)r®/nT}, in which n is the number of hydrogens at-
tached to a particular carbon at a distance r. Suitable carbon atoms are present
in both cucurbituril and many of its ligands. Hence, NMR relaxation rate
measurements on the complexes allow an examination of whether stability of
a complex (as measured by the quantitative affinity data) is reflected in the
relative freedom of guest to move about within the host.

Typically, t. values for the receptor carbons fall in the range of 200--300 ps,
which is a reasonable value for a molecule of its size, with guest complexation
not providing any perturbation, as might have been expected. For more rapidly
tumbling alkylammonium ions of the type incorporated, t. values for CH; and
CH groups are typically 4-10 ps in the uncomplexed state. For a number of
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ligands this value was found to be raised upon complexation with cucurbituril,
but only to values amounting to 20{ + 6)% of that of the receptor. This appeared
to be true regardless of the structure of the bound species. A diamine
[NH3 (CH,)sNH7 ] behaved the same as an n-alkylamine [CH3(CH,);NH7 ],
and ligands known to fill the cavity optimally [cyclo-(CH;); CHCH,NH},
(2-C4H;S)CH,;NH3 ] exhibited the same tumbling frequency. Even a bound
benzene-containing guest (C4H;CH,NH7), which previous evidence has sug-
gested is squeezed by the host when incorporated (cf. Sect. 2.2.2), did not show
a correlation time approaching that of the receptor. (All test ligands were known
not to exchange rapidly with the exterior solvent.)

This indicates a lack of dynamic cohesion within the adducts; i.e. the substrate
has considerable freedom for reorientation within the receptor. The apparent
reason for an absence of mechanical coupling is the nearly cylindrical symmetry
of cucurbituril, which allows the guest an axis of rotational freedom when held
within the cavity. Hence, the bound substrates show only a moderate increase in
t; relative to that exhibited in solution. No relationship exists between ¢, values
and the thermodynamic stability of the complexes as gauged by K, (or Ky, cf.
Tables 1 and 2). It must be concluded that the interior of cucurbituril is notably
“nonsticky”. This reinforces previous conclusions that the thermodynamic affin-
ity within adducts is chiefly governed by hydrophobic interactions affecting the
solvated hydrocarbon components, plus electrostatic ion-dipole attractions
between the carbonyls of the receptor and the ammonium cation of the ligands.

3 Catalysis

A major goal of investigators in supramolecular chemistry is enzyme mimesis.
Understanding biocatalysis represents perhaps the most severe challenge of
mechanistic organic chemistry. Certainly a major component of enzyme effici-
ency is the negation of entropic constraints through proper alignment of
reacting substrate functionalities. However, additional catalytic benefit is in
theory available to ligand-receptor systems which have potentially an excess of
binding energy. The Pauling principle of catalysis states that complementarity
between an enzyme and the transition state for its conducted reaction ought to
be greater than that between enzyme and the reactants [12]. In such circumstan-
ces an additional promotion of the chemical transformation is attained, result-
ing in rates beyond that attributable to orientation considerations alone. The
latter concept has assumed the status of dogma in theoretical enzymology [13],
yet experimental verification has lagged. Consequently, acquisition of evidence
in support of this principle ought to be a critical objective.
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3.1 Azide-Alkyne 1,3-Dipolar Cycloaddition

Based on accumulated knowledge of the molecular recognition characteristics of
cucurbituril, the following reaction was selected for a systematic investigation.
Alkynes undergo 1,3-dipolar cycloaddition with alky! azides, yielding sub-
stituted triazoles, Eq. (2). In the particular case of propargylamine plus azi-
doethylamine, the reaction proceeds slowly (ko = 1.16 x 10"5M~'s™ !} in the
standard solvent, yielding a pair of regioisomeric adducts in equal amount
[14, 15]. Previous investigations of this type of transformation have shown it to
be a typical concerted pericyclic reaction. No evidence for the occurrence of any
intermediate species has emerged.

HC=CCHNHz* CHZCHoNHg" CHoCH NHg*
ko -N, NN
: - ,":‘j .CH + A CTCHaNHg* @)
NaCH,CHoNHg" ~ ~ch
CH NHg*

We found that a catalytic amount of cucurbituril markedly accelerated the
reaction shown and rendered it regiospecific, yielding only the 1,3-disubstituted
product. This result is explained by formation of a transient ternary complex
between the reactants and the receptor. Simultaneous binding of both the alkyne
and the azide, with one NH7 coordinated to each set of carbonyls and with the
substituents extending into the interior of cucurbituril, results in alignment of
the reactive groups within the core of the receptor so as to facilitate production
of the 1,3-disubstituted triazole. The proposed mechanism may be visualized
with the aid of Fig. 7 (R = H).

Fig. 7. Conjectured cross-sectional representation of intermediate cycloaddition complexes: sub-
strates -+ cucurbituril and product + cucurbituril (R = H or t-Bu). Outlines are drawn as for Fig. 4.
Shaded region corresponds to strain-induced compression of substrates, promoting reaction (cf. Sect.
3.2); from [15] with permission
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Rates for this reaction may easily be measured by disappearance of azide UV
absorption. Most importantly, kinetic saturation behavior is noted; with suffi-
cient amounts of the reactants cycloaddition velocity becomes independent of
substrate concentration. As is familiar from enzyme catalysis, this indicates
complete occupancy of all available cucurbituril by reacting species. In actuality,
the rate of the catalyzed reaction under conditions of saturation was found to be
the same as that for release of the product from cucurbituril. Such a stoichiomet-
ric triazole complex was independently prepared and its kinetics of dissociation
were examined by the displacement technique previously outlined, giving the
identical rate constant of 1.7 x 10"*s~! under the standard conditions. (It is
not uncommon for product release to be rate-limiting in enzymic reactions).

Since product dissociation is the slow step, no information about the actual
cycloaddition stage is accessible from steady-state kinetics, However, by using
a relatively large amount of cucurbituril, a “burst phase” at the initiation of
reaction could be detected spectroscopically. This must correspond to “loading
up” of the receptor by product, and consequently the rate of the induced
cycloaddition itself could also be examined by careful data collection at early
stages of reaction. Such measurements were complicated by “substrate inhibi-
tion”, since evidently an adduct of cucurbituril with two propargylammonium
ions forms competitively and this blocks out the azide, leading to a rate
retardation in the presence of a large amount of the alkyne. However, with use of
varying amounts of both reactants, one could by extrapolation obtain velocity
estimates for the nominal bimolecular reaction between azidoethylammonium
ion plus the noncovalent mono-adduct which has preformed between cucur-
bituril and propargylammonium ion. The second-order rate constant so ob-
tained, value 6.3 x 10">M~!s™ !, is suitable for comparison to kg in Eq. (2), for
the uncatalyzed reaction. The resulting “catalytic acceleration” calculates to be a
factor of 5.5 x 10,

The latter number incorporates just the chemical step(s) of formation of
triazole within cucurbituril. Since the product release step apparently is at least
100-fold slower than the actual cycloaddition, the net catalytic acceleration
should be adjusted downward by that amount. An instructive alternative es-
timation of kinetic enhancement is to compare the extrapolated limiting rate for
cycloaddition within the complex (i.e. cucurbituril saturated with both reactants,
k. =19x10"2s"") with the uncatalyzed unimolecular transformation of an
appropriate bifunctional reference substrate as in Eq. (3) (k, = 20x 107357 1),
Such a comparison of first-order rate constants shows that the latter reaction is
approximately a thousandfold slower than the cucurbituril-engendered trans-
formation. This is attributable to necessity for freezing of internal rotational
degrees of freedom that exist in the model system, which are taken care of when
cucurbituril aligns the reactants, and concomitantly to an additional considera-
tion which follows.

K +
HC=CCHoNH,* CHCHoNg — N:T\NHZ (3)
-
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3.2 Argument for Bound-Substrate Destabilization

Current theory attempting to explain the uniqueness of enzymic reactions
suggests that excess potential binding energy between substrate and enzyme may
be diverted to the promotion of reaction [12,13]. Ideally there should be
a subtle misfit between the substrates and the active site, which is only relaxed as
the catalyzed reaction proceeds to its transition state. In such circumstances the
initially unrealized binding energy works to promote chemical transformation,
by effectively lowering the net activation energy. We suspected that such
a phenomenon might be occurring in the cucurbituril-induced cycloaddition.

In order to demonstrate the effect, it was felt that cleaner kinetic data was
needed. This was secured by modification of the participants in the cycloaddi-
tion. A tertiary butyl group was introduced onto the amino nitrogen of each
substrate (Fig. 7, R = ¢-Bu). This renders the reaction noncatalytic in the strict
sense. Because the tert-butyl substituents are too large to pass through the
cavity of cucurbituril, the resulting product of cycloaddition is a stable rotaxane,
i.e. the triazole cannot dissociate. However, this is desirable in that the chemi-
cally meaningful presteady-state phase becomes delineated in a way that could
only be incompletely realized in the previous kinetics. As a bonus the undesir-
able substrate inhibition by propargylammonium ion, which also obscured
earlier kinetic measurements, could be avoided as well.

The resulting reaction profile fits the scheme shown in Eq. (4) (wherein
C = cucurbituril, Z = azide, Y = alkyne, T = triazole). The individual (binary)
dissociation constants for the reactants plus cucurbituril were independently

Fig. 8. Three-dimensional presentation showing simultaneous dependence of apparent rate of
cycloaddition within cucurbituril upon substrate concentrations for both HCECC;HzNHf{ -
C{CH,;); and N{(CH,),NH7 C(CH,);. Circles are data points correlating with concentrations given
by intersections of Michaelis curves in the grid; from [15] with permission

20



Cucurbituril

determined by previously described NMR competitive complexation experi-
ments involving a reference standard: K; = 0.44 mM (for Y), K; = 3.5 mM (for
Z). The substrate dependences for cycloaddition in the presence of cucurbituril
are summarized in Fig. 8. Saturation kinetic behavior is noted for both substra-
tes (most unambiguously for Y). The surface drawn by the grid lines corresponds
to a simultaneous least squares fit of experimental rates to a mathematical
relationship drawn from Eq. (4). The statistical refinement gives a value for
k. (the rate constant for unimolecular reaction at saturation with both substra-
tes) of 0.023 s~ !, which is the same as for the previous case within experimental
error. Also secured by curve fitting is a value for K3, a Michaelis dissociation
constant that corresponds to binding of azide (Z) to the pre-existing complex
between cucurbituril and alkyne (C-Y), leading to the productive species (ternary
complex, C-Y-Z). This parameter was found to have a value of 33 mM (= Kj).
The ratio k./K; comprises a specificity constant (value 0.7 M~ !s™ 1), which in
this case indicates a sizable kinetic acceleration of 6 x 10°-fold for the induced
cycloaddition relative to the uncatalyzed reaction, as in the previous instance.

Ky cy K3
AN\
cvz === o7 )

c
K\z\f cz%- Ky-Kol Ky

However, the more interesting number is the ratic between
K3 (=[ZI[CY)/CY-Z]) and K,(=[Z][C]/[C-Z]). It appears that K is 75-
fold larger than K,. This means that it is correspondingly more difficult to
incorporate an azide moiety into the cavity of cucurbituril when it is already
occupied by alkyne, relative to when it is empty (i.. a straightforward compari-
son of dissociation constants). Such negative cooperativity signifies that the
presence of one reactant within the interior of cucurbituril diminishes the
thermodynamic affinity of the second reactant for the receptor. This in turn
implies that the cavity within cucurbituril is slightly undersized for optimal
binding of both species at once. Consequently the substrates experience a strain
when they are simultaneously incorporated, which tends to compress them
together. The shading in Fig. 7 is intended to represent this. Common sense, as
well as the confirmatory observation that 1,3-dipolar cycloadditions typically
show a large negative volume of activation, indicate that the strain would tend
to promote reaction. This should have additional kinetic benefits beyond that
attributable to orientational effects alone, provided that the transition state for
the cycloaddition were a better fit to the cavity within cucurbituril, as can
readily be imagined.

The latter is of course the Pauling principle of catalysis. A factor of 75 could
provide 2-3 kcal/mol reduction in the activation energy, assuming that most of
the implicit strain is relieved in the transition state. This is also chemically
plausible, since independent evidence (cf. Sect. 2.2.2) has suggested that the
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optimum size for a guest lies between that of a six-membered (benzene) and
a five-membered ring {triazole). A deeper analysis suggests that the observed
factor represents a lower limit [15]. The possibility cannot easily be excluded
that K, corresponds primarily to nonproductive binding (with one of the reac-
tion participants binding externally to cucurbituril, with only its ammonium ion
coordinated to an occulus), and that the active complex shown in Fig. 7 is but
a minor participant in a prefatory equilibrium involving productive and non-
productive complexes. In such an eventuality the strain activation could actual-
ly be much greater in the productive mode, but it would yield no additional
kinetic benefit, since any increase in reaction velocity would be negated by
a pre-equilibrium disfavoring the properly oriented substrates. That possibility
has been explored by an inhibition study in which the putative nonproductive
mode of coordination was simulated employing neohexylamine. The results
suggested that true productive binding was indeed being observed in the
accelerated cycloadditions, but for details the original article should be consul-
ted [15].

In summary, the proper criterion for measuring kinetic acceleration in
catalyzed bimolecular reactions is a comparison of second-order rate constants,
which entails knowledge of velocities for one substrate reacting with a saturated
complex of the second substrate plus catalyst. In the present case a factor of
approximately 10° was observed for the induced reaction itself. In enzymology
these parameters (e.g. k./Ks) are known as specificity constants. It is relevant to
note that any catalytic benefit arising from reactant destabilization as previously
evinced for the cycloaddition is not reflected in the specificity constant, due to
a cancellation of the opposing consequences for substrate binding (K3) and for
the velocity of the ensuing reaction (k.). In order to produce a Pauling principle
effect in this kinetic parameter, there must be unique, positive (attractive)
intermolecular forces between transition state and catalyst, that are specifically
absent in the initial complex of reactants. There is no autonomous method for
experimental detection of such forces, in a manner analogous to that shown here
for bound-substrate destabilization, although avenues are available to their
investigation [16].

3.3 Homogeneous Polymerization

The sizeable catalysis noted in the previous sections suggested a model homo-
geneous polymerization induced by cucurbituril [17]. The bispropargylamine
and bisazidoethylamine shown in Eq. (5) were prepared, in the hope that
cucurbituril would link them into an alternating copolymer. An elegant sequen-
tial growth process can be envisaged, in which monomers are successionally fed
into one portal of cucurbituril, as polymer emerges from the other occulus. Alas,
in practice the linkage operation shuts down after one or two cycloadditions.
Evidently, the triazole moiety adheres too firmly to the interior of cucurbituril.
In the simpler bimolecular reaction described earlier (cf. Sect. 3.1), the product
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dissociates cleanly from cucurbituril. The resulting gain in translational entropy
is enough to ensure availability of catalyst for the next cycle. In the present
instance cucurbituril must translocate intramolecularly from the previously
synthesized ring to the connected alkyne or azide moiety, which constitutes
a much weaker binding site (providing only one ion-dipole locus of attraction).
The unfavorable partitioning between nonproductive and productive binding
modes apparently greatly restricts the chain length which can be grown, with the
available catalyst rapidly becoming tied up in an inert product complex. This is
a problem to be born in mind in designing synthetic catalysts; some provision
should be made for ensuring that product does not cumulatively inhibit the
reaction.

HC=CCHoNH, " CH,C=CH HCSCCHNH; "CHa~# - CHCHoNHz " CHaCHaNg

+ i

N=N
N3CH,CHoNH,*CH CHoNg (%)

cucurbituril
—————-

‘2’ . .NH2+CH2\(/\N/CH2CH2NH2+CH20H2~N\/yCH2NH2+CH2\(\N‘ CH2CH2NH2+. -
=N N=N N=N

4 Conclusions

Studies with cucurbituril have been quite fruitful, both in providing an oppor-
tunity for systematic investigations of the thermodynamic and kinetic aspects of
molecular recognition, and as a model for enzymic reactions. These studies have
been immeasurably aided by its ready availability in reasonable quantity, in
essentially two steps from urea, glyoxal, and formaldehyde. The extreme rigidity
of the polycyclic cage structure of cucurbituril constitutes its most exceptional
characteristic. This confers high selectivity among potential guests, allowing
quantitative analysis of hydrophobic and other binding phenomena. This in
turn has allowed rational applications, such as the molecular switch and
substrates tailored for catalysis. We hope that our efforts may help to point the
way for the emerging field of nanotechnology.

Acknowledgements. This work was supported at various stages by the University of Illinois Re-
search Board, the Dow Chemical Co. Foundation, and the Office of Naval Research.
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1 Introduction

The design and construction of hosts that are capable of selectively binding
guest molecules requires precise control over geometrical features. This can be
achieved by using versatile, rigid building blocks that allow the introduction of
binding sites with directional binding interactions at well-defined positions.
Among the building blocks frequently used (Fig. 1) are the cyclophanes [1], e.g.
calixarenes [2], cyclotriveratrylenes [3], resorcinol-aldehyde tetramers [4], and
others such as Kemps’ triacid [5], Trogers’ base [6], and the non-synthetic
cyclodextrins [7].

Glycoluril 1 is a rigid, concave molecule, which can be easily functionalized
via its four ureido nitrogen atoms. The two carbonyl groups in 1 are potential
hydrogen bond acceptor sites. These features make 1 an excellent building block
for synthetic host molecules. Glycoluril is the monomeric unit of cucurbituril,

RO RO OR oR
OR RO
HO.C COH
COoH
HyC CH3
HsC
/\
NN
N
R -
N

e

Fig. la-e. Examples of frequently used building blocks for synthetic host mo]"eculeS; a calixarene;
b cyclotriveratrylene; ¢ resorcinol-aldehyde tetramer; d Kemps' triacid; e Trogers’ base
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a synthetic host which has been studied in depth by Mock and coworkers [8].
Over the last years, our research group has exploited the unique features of
glycoluril in the development of a range of host compounds. In this article we
will discuss these hosts and their use as molecular receptors, which are able to
form well-defined complexes with species varying from alkali metal ions to
neutral aromatic molecules. We will also describe efforts to develop synthetic
catalysts that mimic the way enzymes accelerate chemical reactions.

(¢} O
JL 0]

HN_ NH

b
0
1

2 Molecular Clips

The two fused five-membered rings of glycoluril form a shallow cavity, which is
further modified by adding two o-xylylene moieties. In addition, the convex side
of the building block can be provided with two phenyl rings, allowing for
optimal discrimination between the two faces of the glycoluril unit [9]. In this
way, compounds of the general structure 2 are obtained. Their synthesis [10] is
shown in Scheme 1. These compounds were expected to possess features that
would make them good receptors for aromatic molecules, viz. two aromatic
walls at a distance suitable for accommodating a benzene moiety in the cleft, and
the possibility to have - stacking interactions with the guest.

The term “Molecular Clip” has been coined for molecules of type 2 . That
these molecules do indeed possess the geometric features of a clip is apparent
from the X-ray structure of the tetramethoxy derivative 3a (Fig. 2) [11a, b]. The
o-xylylene moieties of this molecule define a tapering cavity, the walls of which
are at an angle of 39.5°, with the centers of the benzene rings 6.67 A apart. The
carbony! groups of the glycoluril moiety, which are hydrogen-bond acceptor
sites, are separated by 5.52 A. It was also possible to obtain a crystal structure of
the chiral dibromo-derivative 4 of clip 3 (Fig. 3). This compound was separated
into its enantiomers by HPLC on a chiral stationary phase [12].

Complexation experiments show that compounds of type 2 are good recep-
tors for dihydroxybenzenes, as expected [11]. Two types of interaction — hydro-
gen bonding and z-n stacking interactions — cooperate to bind a guest molecule
in the cleft of the clip. Association constants for 3 and 5-7 with dihydroxy-
substituted aromatic compounds were determined using 'H-NMR titrations in
CHCI; (Table 1). The role of #-n interactions is evident from the difference in K,

27



R.P. Sijbesma and R.J.M Nolte

0 o) 0 . HN  NH
I+ ¥ —H ~  pnp—{en
HoN™ "NH,  PH Ph HN_ NH
O
Diphenyiglycoluril
1
X X
CH.O NN ) Ao a” N N e
1 2 + 2 -
e OPhN NPhO 2)S0Ci, Ph Nph o
\[( ~

0

O
Aromatic compound
+
catalyst (H", SnCl,, AICI3)

2

Scheme 1

Fig. 2. X-ray structure of 3a. (Reproduced with permission from the American Chemical Society)
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values of the complexes between model compound 5 with resorcinol and
compound 3a with resorcinol. The former compound can form two hydrogen
bonds with resorcinol via its carbonyl oxygen atoms, but it lacks the cavity walls
and, therefore, cannot further stabilize the complex by n-x interactions. Remark-
ably, the introduction of benzoquinone walls (see compound 6), stabilizes the
complex with resorcinol to a much smaller extent than the introduction of
benzene or substituted benzene walls.

If the OH-groups of the guest become more acidic, e.g. upon changing the
guest from resorcinol to 2,4-dibromoresorcinol, the K, increases from 2600 to
5600 M ~! (Table 2, entries 2 and 3). In the case of 3,5-dihydroxybenzoic acid
methyl ester, the K, value reaches the relatively high value of 35000 M1
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Fig. 3. X-ray structure of chiral clip 4

Table 1. Association constants of host molecules
with resorcinol in CDCl,. T =298 + 2K

Entry Host K,M™ Y
1 3a 2600
2 5 25
3 6 30
4 7 200
S 8 <5

Table 2. Association contants of host 3a with aromatic com-
pounds in CDCl;,. T=298 + 2K

Entry Guest K.M™Y)
1 Catechol 60
2 Resorcinol 2600
3 2,4-Dibromoresorcinol 5600
4 2,7-Dihydroxynaphthalene 7100
5 3,5-Dihydroxybenzoic acid methyl ester 35000

{Table 2, entry 5). Due to the restrictions that the rigid host places on the
orientation of the guest, the hydrogen bonds with dihydroxybenzenes are of
a particular kind: they are formed with the n-electrons rather than with the
n-¢lectrons of the carbonyl groups (Fig. 4) [13]. This information can be
obtained from the infrared spectra of the complexes. The OH-stretching vibra-
tions corresponding to hydrogen bonds with the n-system are characterized by
the fact that they are broader and less shifted from their original positions than
the stretching vibrations of hydrogen bonds with the n-electrons [13a]. In the
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Fig. 4a, b. Two modes of hydrogen bonding with a carbonyl group: a with the n-electrons; b with
the n-electrons. (Reproduced with permission from the American Chemical Society)

complex of phenol with 3a, both kinds of vibrations are present, whereas in the
1:1 complex of the same host with resorcinol only the vibration for H-bonding
to the n-system is visible.

The fixed distance between the carbonyl groups helps to confer binding
selectivity to the hosts. The strength of the complexes with dihydroxy-sub-
stituted aromatic guests depends on the distance between the hydroxyl groups.
The K,’s of the complexes of 3 with catechol, resorcinol and 2,7-dihydroxynaph-
thalene (Table 2, entries 1, 2 and 4) increase in the order given. In catechol, the
distance between the OH-groups is somewhat too small to form a double
hydrogen bonded complex. Moreover, catechol has an intramolecular hydrogen
bond that must be disrupted to form such a complex. IR data suggest that
catechol has only a single hydrogen bond with 3, and consequently the K, of the
complex is low. In the complexes of 3 with resorcinol and 2,7-dihydroxynaph-
thalene two hydrogen bonds are present, but in the latter complex the distance
between the OH-groups is such that more linear hydrogen bonds can be formed.
This results in a higher K, (7100 M ™ 1) of the complex with this guest than with
resorcinol (2600 M 1),

The proposed mode of binding of resorcinol in the clips was confirmed by
comparing the experimentally derived 'H-NMR shifts in the complex with shift
values that were calculated using the Johnson and Bovey ring-current model
[14]. Excellent agreement between these values was obtained for the structure
depicted in Fig. 5. The main features of this structure are: (1) The hydrogen
bonds between the carbonyl oxygen atoms of the host and the oxygen atoms in
resorcinol have a length of approximately 2.7 A; (2) the cavity walls of the host
are somewhat closer together in the complex (+ 6.3 A) than in the free host
(6.7 A, from the X-ray structure). This brings the cavity walls in Van der Waals
contact with resorcinol. For 2,7-dihydroxynaphthalene, the shift calculations
also indicated a symmetric mode of complexation with hydrogen bonds to each
of the carbonyl oxygen atoms of the host. In the complexes with catechol, the
induced shifts were rather small. Consequently the calculations could not be
used to discriminate between the different modes of complexation, although
good agreement between calculated and experimental shifts was obtained for
a symmetric complex with catechol bound inside the cleft.
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Fig. 5. Side and front view of the complex between resorcinol and 3a based on NMR and X-ray data

In order to increase the n-7 interaction with the aromatic guests, two
molecular clips with naphthalene walls (compounds 8 and 9) were synthesized.
These molecules had quite unexpected properties. Surprisingly, the clip with
1, 4-dimethoxynaphthalene cavity walls (8) did not bind guest molecules [15].
The reason for this behavior became clear when the X-ray structure was solved
[16] (Fig. 6). All four methoxy groups of 8 were found to point into the cavity,
completely blocking the access of a potential guest to the carbonyl groups.
A similar structure may also be present in solution.

The receptor with 2,7-dimethoxynaphthalene rings (9a), exists in solution as
a mixture of three conformers [ 17] (Fig. 7). Due to the fact that each of the cavity
walls can have two orientations, an anti-anti (aa), a syn-syn (ss), and a less
symmetric syn-anti {sa} conformation are possible. These three conformations

OMe ,?L OMe R /OLL R
Lo N\[(N e O " O
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Fig. 6. X-ray structure of 8. (Reproduced with permission from the Royal Chemical Society,
London)

Fig. 7. The three conformers of 9a. (Reproduced with permission from the American Chemical
Society)

interconvert slowly on the NMR time scale. The rate constants for the different
interconversion processes in the tetraacetoxy derivative 9b were determined by
two-dimensional *'H-NMR. It was concluded that the conformers interconvert
by a single naphthyl flip process, and that processes in which two naphthyl
groups flip simultaneously do not occur (Fig. 8).

Of the three isomers, only the aa conformer is able to stabilize complexes
with aromatic guests through n-n stacking interactions with both naphthyl
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Fig. 8. Interconversion processes between the conformers of 9b. (Reproduced with permission from
the American Chemical Society)

groups. Consequently, the addition of n-electron poor aromatic substrates to
a chloroform solution of 9 causes the relative amount of the aa conformer to
increase. This phenomenon is reminiscent of Koshland’s induced fit model for
binding of substrates in enzymes [18]. The shift in conformational equilibrium
was used to calculate the association constants of different guests with 9a. Some
of these association constants were also obtained by monitoring the charge
transfer bands of the host-guest complex as a function of the guest concentration
in UV titration experiments (Table 3). These experiments show that the aa
conformation of the naphthalene clip selects the guest not only on the basis of
the guest acceptor strength, but also on its size. In particular when the glycoluril
framework of the clip interferes with substituents on the guest, the latter is
prevented from taking a position optimal for n-n stacking with the cavity walls.
This is very clearly seen in the case of trinitrotoluene, which does not bind in the
cavity of 9a, whereas the complexes with the weaker acceptors 1,2-dinitroben-
zene and 1,3-dinitrobenzene have appreciable K, values viz. 95 and 115M ™!
(Table 3, entries 3-6). Steric effects also play a role in the complex of 9a with the
very strong acceptors tetracyanoquinodimethane and tetracyanoethylene.
These compounds form charge transfer complexes with the clip, but are not
bound in its cavity, as concluded from the fact that their presence does not
influence the conformational equilibrium.

Apart from being a receptor for aromatic molecules, 9a also binds silver (I),
as was demonstrated by a change in the conformational equilibrium upon
addition of silver perchlorate to a solution of this clip.
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Table 3. Apparent K, values of the aa conformer of 9a with
aromatic guests in CDCl; at 298 K*

Entry Guest K.M™
1 Toluene 0

2 Nitrobenzene 5.5°

3 1,2-Dinitrobenzene 95

4 1,3-Dinitrobenzene 115

5 2,4,6-Trinitrotoluene 0

6 1,4-Dicyanobenzene 185

7 Tetracyanoquinodimethane 0

8 Tetracyanoethylene 0

* Estimated error in K, 15%. ® In CDCly/nitrobenzene 1:1 (v/v).
¢ Determined from an UV-titration in CHCl,, estimated error in
K, 10%.

The above mentioned experiments show that guests are preferentially bound
by the aa conformation of 9a. In Sect. 3 we will describe how this concept can be
used to construct a molecular system that switches between strongly and weakly
binding states.

3 Molecular Baskets

The complexation of guests in the molecular clips is achieved through hydrogen
bonding and n-m stacking interactions. In order to extend the number and
diversity of the binding interactions and consequently the range of substrates
that can be bound, the clips were functionalized with crown ether fragments.
The resulting compounds (10-19) have the shape of a basket (see Fig. 9).

The basket compounds were synthesized by reacting compound 3b with
oligoethyleneglycol dichlorides in DMSO [19] (e.g. see Scheme 2). These reac-
tions have remarkably high yields (up to 75%) for closure of 22- to 25-membered
rings. Presumably a template effect of the cation of the base used in the reaction
is operative. Basket compounds with a nitrogen atom in the crown ether
moieties are most conveniently synthesized by the route depicted in Scheme
3 [20]. With this method even higher yields (up to 89%) were obtained in the
ring closure steps. Using similar routes, the chiral baskets 20-22 were also
prepared. Compounds 20 and 21 were resolved into enantiomers by chromato-
graphic procedures.

3.1 Complexation of Alkali Metal Tons

The basket compounds contain two crown ether moieties, which are good
binders of alkali metal ions. It was therefore expected that these compounds

35



R.P. Sijbesma and R.J.M Nolte

nO

d o by
M@:m

- C%v

0n=1 \,)
11tn=2

12n=3

13n=1
14n=2

Cin e
G ¢C¢~>©
K/«("jo\)

O

16 R = benzyl
15 17R=H
R
N ~ Ny \
O
WQSC s
O \|r O
° 8
?
R
18 R = benzyl 20
19R=H

would bind metal ions in a 1:2 host-guest stoichiometry. The association
constants of complexes between hosts 10~12 and a number of alkali metal ions
were determined by the picrate extraction technique [19]. Binding stoichiomet-
ries were calculated from *H-NMR titrations in CDCl;/DMSO-d, with potassi-
um picrate or potassium thiocyanate as guest molecules. Surprisingly, a 1:2
host-potassium complex stoichiometry was only found in the case of the host
with the longest oxyethylene bridging groups (12). Hosts 10 and 11 only bind
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21 [a]’= (+) and () 16.4°

(S,5)-22 [ojp>° = +15.6°

Fig. 9. X-ray structure of a molecular basket containing two benzylaza crown ether fragments
(compound 18). (Reproduced with permission from the Royal Netherlands Chemical Society)

one potassium ion. To explain the unexpected stoichiometries the formation of
a clamshell complex was proposed (Fig. 10). The shorter crown ether bridges in
10 and 11 do not have enough oxygen atoms available to fully solvate two
potassium ions. Moreover, these bridges are too short to allow the carbonyl
oxygen atoms of the glycoluril unit to be involved in the binding process. As
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a result the two crown ethers prefer to bend toward each other and to encapsu-
late only one metal ion. This explanation was confirmed when titration experi-
ments with basket 20 were performed [21]. In this molecule the bridges cannot
fold over the cavity, due to steric interference with the two bromo substituents
on the cavity walls. Contrary to 10 and 11, this host does form complexes with
potassium in a 1:2 stoichiometry, although of lower stability.

The binding profiles of hosts 10-12 show the same pattern as those of the
corresponding benzo-crown ethers (Table 4). In most cases the baskets are better
binders than the crown ethers. Compounds 13 and 14 have o-phenylene moieties
in their crown ether bridges, They display a binding behavior similar to that of
10-12, except for the ammonium ions, which are bound stronger in the baskets
without these groups [22]. In compound 15 two ethyleneoxy units are replaced
by m-phenyleneoxy groups. This decreases the free energy of binding by 1.3 to
8.0 kJ/mol as compared to 10.
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Fig. 10. CPK model of the proposed structure of the
complex of 11 with an alkali metal ion (“clamshell
complex™). (Reproduced with permission from the
American Chemical Society)

Table 4. Free energies of binding of picrate salt guests to hosts at 298 K in CHCl; saturated with
H,0

— AG°{(kJmol )

Cation Host Benzo- 11 Benzo- 12 Benzo- 13 14 15 16 17

of guest 10 15- 18- 21-
crown-5 crown-6 crown-7

Li* 306 306 28.1 26.8 277 251 318 272 239 318 352
Na* 331 352 37.7 331 327 323 33.1 310 264 339 356
K* 297 33.1 482 419 39.8 356 314 365 264 360 356
Rb* 277 293 423 385 373 373 289 356 277 344 352
Cs* 277 260 39.0 35.2 373 377 29.3 35.2 277 351 360
NH,* 243 256 39.8 377 369 352 29.7 331 264 377 432
MeNH;* 26.4 339 360 289 264 239 310 344
t-BuNH;" «21 23.0 230 <2l <21 <21 239 289

3.2 Complexation of Diammonium Salts

The presence of two crown ether moieties in the baskets allows the simultaneous
binding of two ammonium groups. Organic diammonium salts of type
*H;3;N(CH,),NH;* are bound very strongly, as is evident from the high associ-
ation constants in Table 5 [19].

The complex of 11 with the short chain guest propanediammonium picrate
has a relatively low K, because the guest cannot stretch in the cavity and
coordinate to both crown ether rings simultaneously. For the longer chain
picrate salt (n = 4), the crown ether bridges must fold slightly toward each other
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Table 5. Free energies of binding of diammonium dipicrate salts to
hosts at 298 K in CHCl; saturated with H,O

— 4G® (kJ-mol ™)

Cation of guest Host
*H3N-CH,),-NH; 11 12 17
n=3 39.8 377 511
n=4 473 41.1 52.8
n=15 52.8 427 499
n=6 55.7 482 50.3
no==7 55.7 524 50.3
n=2§ 55.7 57.4 50.3
n=9 56.6 574 50.3
p-xylylenediammonium 536 46.9 59.5
m-xylylenediammonium 53.2 46.1 574
o-phenylenediammonium 478 444 56.1
o-phenylenediammonium 51.5 50.3 71.6

to attain complexation of both ammonium groups. In the case of n = 5-6, the
association constant reaches a maximum as the guest fits in the cavity of the host
without much conformational adjustment of either partner. If the (CH,), chain
is made longer, the K, drops just slightly, because the guest molecule can
accomodate the excess length by bending its (CH;), chain. A schematic repres-
entation of the various binding modes is shown in Fig. 11. The same binding
trends are observed for 12, except that the maximum association constant has in
this case shifted to a longer chain guest {(n = 8-9), due to the longer distance
between the crown ether bridges in 12 as compared to 11. The general mode of
complexation as proposed in Fig. 11 was confirmed by 'H-NMR studies. The
protons of the CH, groups of the guests are shielded to varying degrees by the
aromatic cavity walls of the host. For example, the induced shifts on the central
methylene protons are low in the complex of 11 with tetramethylenediam-
monium picrate (n = 4), they reach a maximum for the complex withn = 5, and
decrease again if n > 6.

A solution containing both 11 and hexamethylenediammonium picrate
shows separate signals for the protons of free and bound guest at room
temperature, indicating a slow exchange process between these two species on
the NMR time scale. The binding kinetics of complexes of 11 and heptamethy-
lene- and pentamethylene diammonium picrates are such that broad peaks are
obtained at room temperature, whereas for the complexes of 11 with
“H,N(CH,),NH;* (n = 3, 4, 8 or 9), the peaks are sharp, suggesting that the
exchange of free and bound guest is fast on the NMR time scale.

Compounds 11 and 12 also form complexes with aromatic diammonium
salts (Table 5). The AG values of binding vary from 44-54 kJ/mol. In the case of
p-xylylenediammonium picrate, the aromatic protons of the guest give two
signals, because two of them are in the shielding zone of the cavity walls, and the
other two are in the deshielding zone.
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e I ;‘;N-(CHz)n -NH4y

Fig. 11. Schematic representation of complex formation between picrate salts of *H;3;N(CH,),NH;*
(n = 3-9) and 11. (Reproduced with permission from the American Chemical Society)

The association constant of 17 with tetramethylenediammonium picrate is
significantly higher than that of 11 with this guest [23]. This phenomenon is
caused by proton transfer from the guest to the host, as was deduced from NMR
chemical shift changes that occur upon complexation. Electrostatic repulsion
between the two ammonium groups is released when a proton is transferred to
a nitrogen atom of 17. The same effect is responsible for the extremely high
association constant of o-phenylenediammonium picrate with 17. This complex
has a free energy of binding as high as 71.6 kJ/mol.

3.3 Complexation of Dihydroxybenzenes

The nitrogen atoms in the bridges of basket compounds 16-19 are good
hydrogen bond acceptors. They posseses a higher basicity than the carbonyl
oxygen atoms of the glycoluril units, which were used as acceptor sites in the
complexes of the molecular clips with dihydroxybenzenes. It was expected that
the possibility to tune the position and orientation of the nitrogen atoms by

41



R.P. Sijbesma and RJ.M Nolte

adjusting the length of the bridges would endow each of the basket hosts to
selectively bind a particular dihydroxybenzene derivative. The complexation of
various dihydroxybenzenes in the cavities of 1619 was investigated by ‘H-
NMR titration experiments [20]. The K, values of the complexes of catechol
and resorcinol with 16 are similar to those of the complexes with 3a (Table 6).
Hydroquinone, which is not bound in the cavity of 3a, does form a complex with
16 (K, = 650 M ™). The former host is unable to form two hydrogen bonds with
hydroquinone, whereas 16 can use its nitrogen atoms to achieve binding.
Modifying the guest with electron withdrawing groups increases the association
constant, because the hydroxyl groups can function as better hydrogen bond
donors. The association constant of 16 with 2,3-dicyanohydroquinone is one of
the highest reported in the literature: K, = 3x 10° M™%,

The value of the association constant of the complexes between 16 and
bromo and chloro substituted hydroquinones depends on three factors: hydro-
gen bond strength, steric hindrance and the occurrence of intramolecular hydro-
gen bonding within the guest. The K,’s measured for 2-bromo- and 2-chloro-
hydroquinone are higher than that measured for hydroquinone. In the com-
plexes of the former guests the hydrogen bonds are stronger than in the complex
of the latter guest. Upon binding, one intramolecular hydrogen bond in the
guest must be broken, which reduces the free energy of complexation. Neverthe-
less, the net effect is an increase of K,, viz. from 650 to 1500 M ~! (2-chlorohyd-
roquinone) and to 1800 M™' (2-bromohydroquinone). In 2,3-disubstituted
halogenohydroquinones, both OH groups are intramolecularly hydrogen
bonded. The accompanying loss in complexation energy results in association
constants that fall in between the values of the monosubstituted derivatives and
the value of hydroquinone. The 2,5-disubstituted derivatives cannot enter the
cavity of the host because of steric hindrance: the guest has a bulky substituent
on each side of the hydroquinone ring, which precludes complexation.

Table 6. Association constants and free energies of complexation for com-
plexes of 16 with dihydroxybenzene derivatives in CDCl; at 208 + 2K

Entry Dihydroxybenzene 1072xK,* —4G° (kJ-mol™ )
1 Catechol 0.70 105 + 0.1
2 4,5-Dibromocatechol 120 17.6 + 0.2
3 Resorcinol 29 19.7 + 0.1
4 Hydroquinone 6.5 16.0 +£ 0.2
5 2-Chlorohydroquinone 15° 180402
6 2-Bromohydroquinone 18 18.5 + 0.1
7 2,3-Dichlorohydroquinone 7.2% 163+ 02
8 2,5-Dichlorohydroquinone ¢ -

9 2.3-Dibromohydroquinone 14 179 £ 0.1

10 2,5-Dibromohydroquinone = -

11 2,3-Dicyanohydroguinone 3000¢ 3124+ 10

a Estimated error in K, 4%, unless otherwise indicated. ® Estimated error 10%.
< Induced shifts are too low to determine K. ¢ This value was ‘determmed by
a solid-liquid (CDCl;) extraction experiment, estimated error in K. 50%.
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Baskets 18 and 19 were especially designed to bind catechol and catechol
derivatives. The distance between the crown ether nitrogens in these host
compounds is such that each of these atoms can form a hydrogen bond with
a guest hydroxyl group. It was expected that the reduced flexibility of the bridges
in 18 and 19 as compared to 16 would further promote guest binding. The
results obtained with 18 were quite disappointing. Catechol, as well as resorcinol
and hydroquinone were bound with association constants not exceeding
50 M~ 1. The debenzylated analog 19, however, behaved as predicted by display-
ing a K, = 500 M~ for catechol, which is 12.5 times larger than the K, of 17
with this guest. In order to understand the reasons for the low binding affinities
of 18, an X-ray structure of this host was determined [24] (see Fig. 9). This
structure reveals the features known to be required for complexation of dihyd-
roxy-substituted aromatic guests: a cavity flanked by benzene rings with a geo-
metry similar to that found in the X-ray structure of compound 3a, and two
crown ether nitrogen atoms with their non-bonded electron pairs pointing into
the cavity. The reason that 18 is not a good host comes from steric hindrance:
the benzyl groups attached to the nitrogen atoms point upward and shield the
entrance of the cavity. 'H-NMR NOE experiments show that in solution the
above-mentioned conformation is at least partly preserved.

3.4 Cooperative Binding

In Sect. 2 we described a molecular clip (9a) that changes conformation upon
binding a guest molecule. Compound 23 is a bis-aza-crown ether derivative of
this clip. Similar to 9a, it exists mainly in the sa conformation which is
unfavourable for binding aromatic molecules [25]. Interestingly, when a sodium
or potassium ion is added to a solution of 23, the molecule changes its conforma-
tion to the aa form. The driving force is the fact that the crown ether rings
interact more strongly with alkali metal ions when both walls of 23 are pointing
upward. The possibility to change conformation causes 23 to display
cooperative binding of alkali metal ions. Binding of the second ion is stronger
than that of the first ion because the crown ether rings have already been
brought into the correct conformation for complexation. The magnitude of the
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Fig. 12. Induced binding of a guest in 23 by the addition of a metal ion. (Reproduced with
permission from the American Chemical Society)

cooperative effect was determined by 'H-NMR titration experiments in which
the fraction of molecules of 23 that are in the ion-binding aa conformation is
monitored as a function of the number of equivalents of salt that is added.
Fitting the theoretical binding curves to the titration data showed that a second
K™ ion is bound approximately 100 times more strongly than the first ion. The
increased affinity for a second guest in 23 is called an allosteric effect, which is an
important regulatory mechanism in biological systems.

The 'H-NMR spectra of the complexes of 23 with alkali metal ions show
remarkable differences. In the complex with sodium ions, the benzyl groups are
in the shielding zone of the naphthalene walls, which suggests that these groups
are bound in the cavity of the molecule. The potassium complex has a more
open structure in which the cavity is not occupied by benzyl groups.

Addition of an alkali metal ion to 23 should also make this host molecule
a better binder of aromatic guest molecules. In the aa conformation unlike the as
conformation-the n-¢lectron rich naphthalene walls are capable of sandwiching
n-electron poor molecules {see Fig. 12). Indeed, upon addition of a potassium
salt to a solution of 23, the K, for binding of 1,3-dinitrobenzene increases by
a factor of 2 to 6, depending on the solvent systems [26]. Consistent with the
proposed structure of the complex of 23 with sodium ions, addition of these ions
has no effect on the K, of 23 with 1,3-dinitrobenzene.

4 Cage Coordination Complexes

4.1 Pd(Il} and Rh(III) Metallo-cages

The concave framework of diphenylglycoluril has been used to construct
metallo-cages [27,28]. To this end the molecule has been provided with four
alkyl or oxyethylene chains terminating in ligating groups such as
(benz)imidazolyl or pyridyl groups. On coordination to a transition metal ion
this tetrapodal ligand system forms a cage, which is schematically depicted in
Fig. 13. The phenyl groups on the convex side of the glycoluril unit increase the
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solubility of the complex and direct the coordination process toward the
concave side of the molecule.

The palladium(IT) complex of 24 was prepared by adding 1 equivalent of
[Pd(CH;CN),Cl,] to a solution of the ligand in methanol [27]. The complex
was shown by conductivity measurements to be a 1:2 electrolyte, in accordance
with the structure [Pd(24)]Cl,. Spectroscopic data indicate that all four
imidazolyl groups are coordinated to the Pd(II) ion, suggesting a cage-like
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structure for this compound. However, 'H-NMR experiments carried out at
various temperatures and NOE measurements show that this picture is too
simple: the cavity of [Pd(24)]Cl, is unstable and collapses via a twisting motion
of the arms and the imidazolyl groups (Fig. 14). At room temperature a fast
equilibrium exists between a left-handed and a right-handed twisted complex. At
lower temperatures the dynamic equilibrium slows down, and at — 95°C two
separate imidazolyl H? proton signals can be observed in the '"H-NMR spec-
trum due to non-equivalence of the imidazolyl groups in a helically twisted
structure.

Ligands 25-27, which have their imidazolyl groups connected to the
diphenylglycoluril units via CH,O(CH,CH,),, CH,O(CH,CH,);, or C¢H;;
spacers, form complexes with palladium(I) of the type shown in Fig. 15.
Spectroscopic data indicate that these compounds also display fluxional behav-
ior. At any one time only three out of the four imidazolyl groups are coordinated
to the Pd(II) ion, the fourth coordination site being filled by a chloride anion.

Rh(III) cage compounds have been synthesized by reacting diphenyl-
glycoluril based ligands with RhCl;-H,O. It can be expected that by this
procedure metallo-cage compounds are obtained which contain axially coor-
dinated chloride anions. The chloride anion located inside the cavity would be
completely encapsulated and would prevent the cage from collapsing.

2. Im
Im—pg" X im

Im I

Im m
( N2 /oIm NN —Im

=3 F— Pd a=e etc.
Im F (III}/ ’v
7 Im 7 Im
Ph pp Ph  ph Ph Ph

Fig. 14. Process of twisting motion in (Pd(24))%*. (Reproduced with permission from the American
Chemical Society)
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Fig. 15. Fluxional behavior of the Pd(ll) complexes derived from 25-27. {Reproduced with per-
mission from the American Chemical Society)
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Fig. 16. Model of trans-[Rh(24)C1,]"*

Starting from ligands 24 and 25 (spacer groups CH,OCH,CH, and
CH,(OCH,CH,),, respectively) monomeric coordination compounds were
formed with conductivities in the range expected for 1:1 electrolytes. The
complex with the shorter spacer groups is quite strained because there is very
little space for the chloride ligand to fit inside the cavity (Fig. 16). The complex
prepared from the ligand with the CH,(OCH,CH,); spacers showed broad
signals in the "H-NMR spectrum and multiple resonances for the imidazolyl
carbon atoms in the *C-NMR spectrum. This metallo cage presumably has
a structure in which one imidazolyl group coordinates axially to the rhodium
center and two chloro ligands coordinate in the cis position. Support for this
structure comes from a comparison of the far IR spectra of the Rh(ITI) com-
plexes of 24 and 25 with the model compound trans-[Rh(1-methyl-
imidazole),Cl,]CL

Cage compounds with large cavities have been synthesized by using the
benzimidazole diphenylglycoluril derivatives 28. These rigid ligand molecules
contain a cleft of approximately 6.5 A in width (see also Fig. 2), sufficiently large
to accomodate a potential guest molecule. The synthesized complexes have
structures corresponding to the formula trans-[Rh(28)Cl,]CL. The size of the
benzimidazole groups prevents axial coordination around the central Rh(IID)
ion and forces all four ligand arms to adopt positions in the equatorial plane.

4.2 Encapsulated [4Fe-4S] Cluster Complex

Iron-sulfur proteins belong to the class of electron-transport proteins [29]. They
contain an iron sulfur cluster, e.g. [4Fe-4S], which shuttles between different
oxidation states. The structure of the cluster is quite consistent among a series of
these proteins, but their redox potentials vary widely. Synthetic models of
iron-sulfur proteins have been designed [30] to investigate the factors that
determine the reduction potential of the core and to mimic other biologically
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important features, such as the cluster environment in a water soluble protein
and the creation of a specific iron-subsite.

The cavity of diphenylglycoluril derivative 3 is well suited to partially
encapsulate a [4Fe-48] cluster. Compound 29 which contains four arms termi-
nating with thiol groups was synthesized and treated with {(n-Bu),N},-(Fe,S,Cly)
in dimethylformamide to give cluster complex 30 [31]. The product was
characterized by a number of techniques, including cyclic voltammetry and
differential pulse polarography. The current response of 30 was very small, but
improved upon addition of a modulator, e.g. Ba?* or Na* ions. This behavior is
similar to that observed for certain redox active enzymes [32]. As in the natural
systems, a maximum response is observed when the Ba’" concentration is
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ELECTRODE
(¢

Fig. 17a-¢. Possible interactions of 30 with the electrode surface. Sideways docking a, backwards
docking b, and “head first docking” ¢
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approximately 25 mM. It is believed that without any modulator the cluster
complex 30 is oriented sideways or backwards with respect to the electrode
surface. As a result electron transfer is hampered {sce Fig. 17a and b). In the
presence of the modulator the complex changes orientation and electron trans-
fer becomes possible (Fig. 17¢).

5 Catalysis

5.1 Manganese(III) Catalyst

Recently, diphenyiglycoluril-based host compounds have been used to construct
catalysts that mimic certain aspects of enzymatic catalysis, e.g. rate enhancement
and selectivity. The goal is to bring a binding site and a catalytic center in close
proximity.

With the objective of developing a selective epoxidation catalyst, molecular
clip 3a was functionalized with Ni(II)- or Mn(III)-salophen groups (see 31a and
31b) [33]. Salen and salophen complexes of Mn(IIl) are known to epoxidize
alkenes in the presence of an oxygen donor [34]. The X-ray structure of the
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Fig. 18. X-ray structure of 31a. (Reproduced with permission from the Royal Netherlands Chemical
Society)

Ni(IT) complex (Fig. 18) reveals that the metalloclip has a twisted structure. Two
of the methoxy groups are pointing into the cavity, in this way blocking the
access of a guest molecule. As a consequence, resorcinol is not bound in the cleft
of 31a.

The Mn(III) complex 31b was tested as a catalyst for the epoxidation of
various alkenes using sodium hypochlorite or iodosylbenzene as oxidants.
Although oxidation took place, no selectivity was observed. For example,
allylresorcinol was not epoxidized with rates higher than that of allylbenzene.
Presumably, the substrate is not bound in the cleft of 31b because the latter is
occluded by methoxy groups. It is possible that the reaction occurs on the
outside of the metalloclip, which cannot discriminate between guest molecules.

: ) MeO 9 OMe ({ ;

i M i

O\ /N N N N\ /o
M| Ph3—{Ph [ M
O N N_ _N— N O

@)‘ MeO \g/ OMe Hij

31
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5.2 Rhodium(I) Catalysts

Rhodium complexes are well-known hydrogenation, hydroformylation, and
isomerization catalysts [35]. A supramolecular catalyst containing a tet-
rakis(triphenylphosphite) rhodium(I) hydride complex linked to a basket mol-
ecule (33) was synthesized as depicted in Scheme 4 [36]. The synthetic intermedi-
ate 32 consists of a mixture of isomers, because the f-diketonate ligand can
adopt four different orientations. In one of these isomers, this ligand is located in
the cavity of the metallo-host. If R = Ph, this conformation does not occur,
because the two phenyl groups cannot fit into the cleft. Allylcatechol and
allylresorcinol are bound in the cavity of host 16 {this is 33 without the catalyst
part) with K, values of 200 M~* and 3000 M ™!, respectively. These binding
constants are similar to those of catechol and resorcinol in this host. Allyl-
dimethoxybenzene, on the other hand, is not bound in the cavity of 16. Under
1 atm of hydrogen, the three above mentioned allylbenzene derivatives are
converted by catalyst 33 to the corresponding propylbenzene derivatives. The
rates of the reduction reactions are related to the K, values of the substrates:
allylresorcinol is converted faster than allylcatechol, which in turn is converted
more rapidly than allyldimethoxybenzene. The reference complex
[HRh{P(OPh),},], which lacks the substrate binding moiety displays a different
activity profile (rate of conversion of allyldimethoxybenzene > allylresor-
cinol = allylcatechol), suggesting that the cavity of 33 is important for the
process of selection.

Complex 34, which is prepared by treating 33 with carbon monoxide (1 atm)
catalyzes the isomerization of double bonds. This catalyst also accelerates the
reaction of bound substrates. Under identical conditions (reaction time 2 hours)
allylcatechol and allylbenzene are isomerized by 34 to the corresponding
methylstyrenes in yields amounting to 68% for the former substrate and only
12% for the latter one [37].

(PhO)3P 4 P(OPh);

\ o
Rh
PN

-

5.3 Copper(II) Catalyst

The binding and activation of molecular oxygen is an important process in
nature and is achieved with the help of metallo-enzymes, e.g. dicopper enzymes

51



R.P. Sijbesma and R.J.M Nolte

 SWdYOS

ve 143
%/I\u “*FEtiaoa . N N " GessR(oony N N
d d d
~ d d
..... G = N
d tydo)d~ H d®(oud) T

E(oud)

xnyai ‘ZOFHY Fud0)dIo (1 mo o
uonoejoideq (1 m

xnjjal ‘9luHUoIB0E ‘|BeN o)
‘CpOTeN 0 Y o
‘aujweiAzusgi{AxojAgiewixoion)-v (! N~ °N
et}
zJﬂz
cC o)
0 o]

52



Molecular Clips and Cages Derived from Glycoluril

N
);7“ .Y
Br

17 > PhHPh

NT R
35 )27'

35 CU(C|04)2

Pz = pyrazolyi

36
— Bl’ h‘
o
(—N\N/ \N
H-N N
N

Br

Scheme §

53



R.P. Sijbesma and R.JM Nolte

such as tyrosinase and dopamine-§-hydroxylase [38]. These enzymes contain
a substrate-binding site and two copper centers, which are held by a total of
6 N-donor ligands, usually imidazole groups.

As a first step toward a dopamine-f-hydroxylase mimic, basket-shaped
receptor 17 was functionalized with two sets of bis-[2-(3,5-dimethyl-1-pyra-
zolylethylJamine ligands to give compound 35 (see Scheme 5). Reaction of 35
with Cu(ClO,),-6H,0 yielded complex 36 which was fully characterized [39].
Ligand system 35 binds dopamine derivative 37 and phloroglucinol (1,3,5-
trihydroxybenzene) with association constants of K, = 60 and 3500 M, re-
spectively. The affinity of the Cu(I) analogon of 36 for 37 was very similar to that
of 36 itself and amounted to K, = 60 M ™ !. Resorcinol is bound in the cavity of
the Cu(l) complex with a K,-value of 2000M 1.

Copper(Il) complex 36 is easily reduced to the copper(I) state when an
alcohol is present. During this reaction the latter compound is oxidized to an
aldehyde. For a series of benzylic alcohols this redox process was studied by
UV-vis spectroscopy [39]. The results are presented in Fig. 19 in the form of
a Hammett plot. The effect of substituents in the benzene ring on the rate of

HN{

O
HO OH
37
n T
4 . m-(OH), (estm.)
m-OH (estm.)
3
£1°7
X
1
2 H g Cl NO,
0 Me ° e °”
M - Br
-1 4 m-(OMe),  OMe .
m-OMe
-2 T T T 1
-1 -0.5 0 0.5 1
o

Fig. 19, Hammet plot for the oxidation of benzylic alcohols (X-C¢H,CH,OH or XY-
C¢H;CH,OH) by complex 36
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Fig. 20. Orientation of 3,5-dihydroxybenzyl alcohol in the
cavity of 36

benzyl alcohol oxidation is small, except when these substituents are 3-hydroxy
or 3,5-dihydroxy functions. In the latter cases rate enhancements are observed
equal to or larger than 50000. These data suggest that the cavity of 36 is capable
of selecting substrates with the result that a bound alcohol is oxidized more
rapidly than a non-bound one. CPK-models and spectroscopic studies indicate
that the dihydroxy-substituted substrate molecule is oriented by the receptor in
such a way that its alcohol function is positioned exactly between the two
copper centers {Fig. 20). This leads to the very fast reaction that is observed.
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The selectivity of an enzyme is largely determined by the geometry of the active site which is usually
embedded in a concave region of the protein (cavity or cleft). Similar geometries for standard
reagents of organic chemistry can be generated when functional groups like pyridine, 1,10-
phenanthroline or benzoic acid are placed into concave structures, &.g. bimacrocycles. In this review,
the concept of concave reagents and catalysts, their syntheses and characterization, and their
behavior in model reactions will be presented. The bimacrocyclic concave reagents may be used as
acids in protonations and as bases in base catalyses. To facilitate the recovery of the concave acids
and bases, their fixation to polymers is also described.

1 Introduction

Inside the cell, numerous chemical processes take place at the same time. The
cell solves the problem of generating a large number of different molecules at the
same time with a high selectivity by the use of enzymes. The selectivity of these
proteins is largely determined by their geometry. Also the selectivity of another
class of proteins, the receptors, is influenced by geometrical features. Receptors
and enzymes have in common that they are equipped with concave structures
such as clefts or cavities [1] in which substrate molecules are bound or
chemically modified.

Supramolecular Chemistry tries to mimic these concepts, and numerous host
molecules have been synthesized [2, 3]. For the understanding of host-guest
systems, first the binding of a guest within a host was studied. Numerous
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binding constants have been measured for inorganic and organic guests in
various hosts (H) [2-4]. But these association constants only reflect the
thermodynamics of the first step of the reaction, the free binding enthalpy for the
educt (E), 4G . 4. For the understanding of a reaction or a catalysis, kinetic data
must be known. The kinetic of a reaction in a host-guest system (i.e. also an
enzyme-substrate system) is determined by three rates: the rate of binding of the
educt E (kg .yy), the rate of reaction of the bound substrate E-H to a bound
product P+ H via the transition state TS - H (k4. ), and the release rate of the
product P from the host H (kp). The rate of the reaction sequence is determined
by the slowest of these three rates. For example: If the product releasing step (k)
is slow, a product inhibition is occuring, limiting the turn-over. The rate
constants Kg.y, kys.y, and kp are correlated to the enthalpies of activation
AGE . 4, AG¥ .y, and AGE. Fig. 1 shows the reaction of an educt E to a product P
in the absence and in the presence of a host.

If the rate of complexation of the educt E(kg.,) and the rate of decomp-
lexation of product P (ky) are fast, the overall rate of the catalysis of the reaction
E - P is determined by the enthalpy of activation 4G% .y, the enthalpy
difference between the bound transition state TS - H and the bound educt E- H.
Only when AG%.y is smaller than the enthalpy difference between the free
transition state TS and the non-bound educt E (4Gf), a rate enhancement by
catalysis can be observed [5]. Although binding of an educt E and the transition
state TS leads to lower {ree enthalpies for E-H and TS H, the difference, the
activation enthalpy 4G%. 4 need not be smaller. In contrast, if the host H is very
selective towards the educt E and binds the educt E better than the transition
state TS, the enthalpy of activation 4G¥; .y ( = Gys.y—Gg . ) Will increase. This
effect may be called “educt inhibition” (see case C in Fig. 1).

Therefore in this review, an approach to reagents is described which are
selective due to their concave geometry but do not need binding of the substrate.
A standard reagent of organic chemistry with known reactivity and selectivity is
chosen and incorporated into a concave environment giving concave catalysts
and concave reagents. Their geometry can be compared with a lamp: the lamp
shade is the concave shielding, the light bulb the reactive functionality. Binding
is not necessary, the differences in accessibility of the functional group for
different substrates or different orientations of a substrate will determine the
selectivity which should differ from the selectivity of the non-concave parent
reagents.

In contrast, in most traditional host-guest complexes binding occurs first.
Then reactions may take place. They can be intermolecular — the complex reacts
with a third compound in solution [6] - or intramolecular - a functional group
in the host reacts with the guest. But usually, the functional group is just
attached to the host. It has no defined position.

On the other hand, in concave reagents, the reactive group is located within
the cavity [7]. The concave geometry of enzymes is translated into artificial
reagents. The concave shape is retained but the reactive group in the active site is
replaced by a standard reagent of organic chemistry. Furthermore the concave
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Fig. 1. Reaction coordinate/free enthalpy diagram for the reaction of an educt E to a product P in
the absence (path A) and in the presence (path B) of a host H. In case (A), the binding has no effect on
the overall rate while case (B) shows catalysis. In case (C) “educt inhibition”, in case (D) “product
inhibition” is shown. In cases {C) and {D}, the differences of free enthalpy between Eand E-H,and P
and P-H, respectively, are much larger than the difference between TS and TS-H

structure need not be made from amino acids. Almost any building block of
organic chemistry may be used. The advantages are as follows:

— The structural components are not limited to one group of compounds
(amino acids). Therefore the construction of a concave reagent becomes more
variable.

— The variation of the functional group in the active site will be casier.

— In comparison to enzymes, the molecular weights will be reduced because
large parts of the amino acid framework can be omitted.

— By using groups other than amino acids, concave reagents will be stable under
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conditions where enzymes denaturize: high temperatures, concentrated salt
solutions, extreme pH, non-aqueous solvents.

In the case of catalytic systems, the tedious and expensive synthesis of a
concave catalyst is compensated by its (theoretically) unlimited recyclability.
Reagents, in contrast, are used up in a reaction. Therefore, concave reagents will
only be attractive when, after the reaction, the used functional groups can be
returned into the active original functionality. They must be “rechargeable”.
This is trivial for acids and bases but in principle should also be realizable for
redox reagents.

Which tasks have to be accomplished to obtain a concave reagent?

a) A functional group which acts as a reagent or a catalyst in a standard
reaction of organic chemistry must be chosen.

b) This functionality (light bulb) must be incorporated into a framework (lamp
shade) which ensures a concave positioning,

¢) The reactivity of the functional group in the new concave surrounding must
be investigated. Three cases are possible: (i) The concave shielding does not
effect the reactivity. (ii) The reactivity is reduced in comparison to the parent
reagent but is still high enough to carry out a reaction. (iii) The concave
shielding inhibits a reaction. When two different substrates are reacted with
the concave reagent and at least for one substrate the reactivity is altered
[case (ii) or (iii)], selectivity changes are expected.

In this review, acids and bases [8] (benzoic acids, pyridines and 1,10-
phenanthrolines) will be discussed as functional groups (light bulbs). They have
been incorporated into bimacrocyclic structures by bis-a- or bis-ortho-substitu-
tion of the acids or bases: 2,6-disubstituted benzoic acids and pyridines, and 2,9-
disubstituted 1,10-phenanthrolines were used. For the construction of the “lamp
shade”, attention had to be paid to the components. They had to be unreactive
in order not to interfere with the reactive “light bulbs”. Therefore, for instance
amine nitrogen atoms cannot be used as bridgeheads because they may act as
bases.

Section 2 discusses the syntheses of different classes of concave acids and
bases. Convergent synthetic strategies were chosen for an easy structural
variation of the reagents (modular assembly). Section 3 characterizes the
concave acids and concave bases and checks whether the acid/base properties of
the parent compounds benzoic acid, pyridine and 1,10-phenanthroline are
conserved in the bimacrocyclic structures. In Section 4, the influence of the
concave shielding on the reactivity and selectivity of the concave reagents is
measured in model reactions. In principle, the concave shielding should be able
to influence inter- and intramolecular competitions as well as chemoselectivity
and (dia)stereoselectivity. If the reagent is chiral, enantioselectivity should also
be observable,
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2 Synthesis

For the translation of the structure “light bulb in a lamp shade” into molecular
dimensions, one conceivable geometrical form is a bimacrocycle [9]. The rim of
the lamp shade is a cycle. In a concave reagent, it must be large enough to let a
molecule or a part of a molecule pass through to make contact with the light
bulb. Therefore, it must be macrocyclic. This macrocycle must then be spanned
by a bridge which carries the functional group, the light bulb. Therefore, at least
bimacrocycles must be synthesized.

The bridge must contain the functional group, a base in a case of a concave
base. Furthermore, the bridge must ensure the concave positioning of the
functional group. Nitrogen atoms are basic, but a normal amine is sp*-
hybridized and the lone pair may invert. Such an inversion is not possible with a
sp*-hybridized nitrogen atom as in pyridine. By a bis-a-substitution (in the case
of pyridine by 2.6-disubstitution) the in-orientation of the sp*-lone pair is
defined. Also for other functionalities, this bis-a- or bis-ortho-substitution of the
aromatic ring carrying the functional group is crucial (see below).

The bridgeheads in a bimacrocycle must connect three bridges each. There-
fore they must be trifunctional. This is given when trivalent atoms are used and
also when trisubstituted groups are incorporated.

2.1 Atoms as Bridgeheads

As stated above, the bridgeheads in bimacrocycles must be at least trivalent.
Therefore carbon and nitrogen atoms can be used. But with carbon atoms the
orientation of the fourth substituent complicates the situation because stereo-
isomers may be formed. Depending on the orientation, in-in-, in-out- or out-
out-isomers will be formed [10]. This problem will not occur when trivalent
nitrogen atoms are used. However, nitrogen atoms are basic, and therefore the
nitrogen bridgeheads will compete with basic functionalities in the lamp shade
of a concave base. To circumvent this problem, nitrogen atoms may be
incorporated into amide groups. The conjugation between the lone pair of the
nitrogen atom and the carbonyl group decreases the basicity of the bridgehead
and leaves the functional group as the only basic center.

2.1.1 Concave Pyridine Bislactams
If the functional group is a pyridine unit, 2,6-disubstituted, bimacrocyclic

pyridine bislactams must be synthesized. In principle, three classes of such
concave pyridines are conceivable (Structures 1).
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1 2 3
Structures 1

The amide groups may be connected directly to the pyridine unit (class 1 and
2), or pyridine ring and amide group may be separated by a spacer (class 3). In
the case of a direct connection, this connection may be via the carbonyl group
(class 1) or the nitrogen atom {class 2) of the amide function. Representatives of
all three classes have been synthesized [11]. However, basicity measurements
have shown [11] that only in class 3 has the basicity of the parent compound
pyridine been conserved. Therefore, only class 3 in which the amide bridgeheads
are separated from the pyridine unit by a methylene spacer has been investigated
more thoroughly [12].

The highest flexibility for a variation of the functional group and the chains
X and Y (ie. the size of the rim of the lamp shade) will be realized when the
synthesis of 3 is convergent and modular (Scheme 1). Amide bonds can easily be
formed in macrocyclizations [13], therefore macrocyclic diamines 7 and diacyl
dichlorides 8 had to be prepared. For the synthesis of macrocyclic diamines 7,
also a large number of reactions are known. However, in this case a reduction of
a macrocyclic diamide could not be achieved [117]. Therefore, another route was
used: the formation of macrocyclic diimines 6 (bis-Schiff bases) followed by
NaBH, reduction to the macrocyclic diamines 7. This approach has the
advantage that for the construction of macrocyclic diimines 6, the metal ion
template effect [14] may be exploited.

A large number of concave pyridines 3 have been synthesized starting from
pyridine-2,6-dicarbaldehydes 4, heteroatom containing a,w-diamines 5 and
diacyl dichlorides 8 (Scheme 1). In the first macrocyclization, the dialdehyde 4
and the diamine 5 were condensed in the presence of an alkaline earth metal ion
to give a complex of a macrocyclic diimine 6 which was then reduced to the
macrocyclic diamine 7. The yields of this reaction are excellent ( > 90%) when
the size of the metal ion is adjusted to the size of the macrocycle formed. Mg?*
was used for the formation of 15-membered, Ca?”* for 18-membered and Sr2*
for 21-membered rings. The macrocyclic diamines 7 were oils which could be
purified in some cases. However, for the synthesis of the concave pyridines 3 the
purity of the crude diamines 7 was sufficient.

In the second macrocyclization, the reaction of the diamine 7 with a diacyl
dichloride 8, the high dilution technique was used. Depending on the dia-
mine/diacyl dichloride combination, the bimacrocycles 3 were obtained in yields
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R
I R
L 2+ RS
0 0 M NaBH, 1
4 - - N
HN
™~
+ X
H,N-X-NH, 6 7
5
cloc-v-cocl (8) =
,,,,,, 1 N\
NEt
: 0=C—y —C=0
Y
3
Mz"’ = M92+ COZ‘I- Sr2+
X = polyether
Y = polyether, polymethylene
R = H, OMe, O(CH,),0H, O(CH,),0CH,Ph, NEt,
Scheme 1
Table 1. List of known concave pyridine bislactams 3
R
S
L
N
N e X~ N
i »
0=C — Yy — C=0
3
No. R X Y Ref.
a H CH,{CH,0CH,)},CH, (CH,), 12b
b H CH,(CH,OCH,)5CH, {CH,), 15
¢ H CH,{CH,0CH,),CH, (CHy)we 1
d H CHZ(CH,OCH,)5CH, CHy o 12b
e H CH,CH,{CH,0CH,)sCH,CH,  (CHy ) 12b
f H (CH,)30(CH,),0(CHy); (CHz )1 12b
g H CH,{CH,0CH,},CH, CH,OCH,), 1
h H CHy(CH,OCH,),CH, (CH,0CH,); 12b
i H CHZ{CH,0CH,);CH, (CH,0CH,)5 12b
j OMe CHZ(CHZOCH, J,CH, CHa)o 12b
kK OMe CH,(CH,OCH,};CH, CHy)io 12b
I O(CH,),0H CHo(CHZOCH,),CH, (CHy)n 16
m  O(CH,),OH CHZ{CH,0CH,);CH, (CHz)so 17
n  O(CH,);0CH,Ph  CH,(CH,OCH,),CH, (CHy)po 16
o O{CH,),0CH,Ph  CH,{CH,0CH,)sCH, CHy )i 17
q NEt, CHy(CH,OCH,),CH, (CHa)yo 15
rNEt, CH,{CH,0CH,);CH, (CHy)i0 120
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up to 61%,; the concave pyridines 3 could be synthesized in multigram quant-
ities.

In Table 1, the known [11, 12, 15-17] concave pyridine bislactams are
listed.

2.1.2 Concave 1,10-Phenanthroline Bislactams

The synthetic strategy used for the construction of concave pyridine bislactams
3 (Scheme 1) can also be applied to other concave bases. When instead of a
pyridine-2,6-dialdehyde 4, 1,10-phenanthroline-2,9-dicarbaldehyde (9) was used
in a metal ion template directed synthesis of macrocyclic diimines, after reduc-
tion, also macrocyclic 1,10-phenanthroline diamines 10 could be obtained in
good yields. Here too, the crude diamines 10 were used in the next reaction step.
Bridging of 10 with diacyl dichlorides 8 gave concave 1,10-phenanthroline
bislactams 11. Scheme 2 summarizes the synthesis and lists the synthesized
bimacrocycles 11 [18].

7 N/ \
N N-
o ' 1. MCl, /_': 7\
9 e ——————— -
HN ——NH
. 2. NaBH, X
10
H,N-X-NH,
5
CI(0=C)-Y~(c=0)cI (8) /_r: :, b
......... X,
NES (Nl ------ nlN\
3 - —
1"
MZ* - M92+' C02+
X y
@ CH,(CH,0CH,),CH, (CHyo
b CHyCH,(CH,OCH,),CH,CH, (CH e
€ CH,(CH,0CH,),CH, (CH,0CH,)4

Scheme 2

2.1.3 Concave Pyridine Bissulfonamides

As discussed in Sect. 3, the structure of concave pyridines 3 (Structures 1) is not
uniform. Conformers are present due to the hindered rotation in an amide bond.
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Therefore, in a second class of concave pyridines 13 (Scheme 3), the carboxamide
groups of 3 were replaced by sulfonamides because sulfonamides have a lower
barrier to rotation between the nitrogen atom and the sulfonyl group at room
temperature [19]. The synthetic strategy for 13 was analogous to the synthesis
of the bislactames 3 (s. Scheme 1). Macrocyclic diamines 7 were synthesized by
the metal ion template method and then bridged with disulfonyl dichlorides 12.
Because sulfonyl chlorides are less reactive towards amines than carbonyl
chlorides, this cyclization was catalyzed by 4-dimethylaminopyridine (DMAP)
and carried out at 40°C. The yields of the sulfonamides 13 were lower (max.
30%) but the non-existence of conformers in the bimacrocyclic sulfonamides
(see Sect. 3.2) made the isolation easier. Therefore also in this case, gram
quantities of 13 could be synthesized easily. In Scheme 3, all known [12a, 15]
concave pyridine bissulfonamides 13 are listed.

R
B R
N 2+ =
0 0 M | NaBH, |
4 - T N3 - N
N M2N HN._ _NH
+ X X
HoN-X-NH, 6 7
5
<
Cl0,S~Y~S0,¢1 (12) |
N
{N [ — N\
DMAP 0,8 — y — SO,
13
M2t = Mg?*, Ca?*, Sr?*

No. R X Y Ref.
a H CH,(CH,0CH,),CH, (CHz)0 124
b H CH,(CH,0CH,)sCH, (CHo )y 12a
¢ H CH,(CH,0CH, ),CH, (CH,OCH,); 12a
d H CH,(CH,0CH,)sCH, (CH,0CH,); 12a
e  OMe CH,(CH,0CH,),CH, (CH2)ro 12a
f OMe CH,{CH,0CH,)sCH, (CHy)w 12a
g OMe CH,(CH,0CH,),CH, (CH0CHy);  12a
h  OMe CH,(CH,0CH, )sCH, (CH,0CH,); 12a
i OMe CH,(CH,OCH,),CH, (CH,OCH, )5 120
j NEt, CH,{CH,0CH,),CH, (CHa)io 15
k NEt, CH,(CH,0CH,)3CH, (CHz)0 120
\ NEt, CH,(CH,0CH,);CH, (CH,0CH,); 120
m  NEH, CH,(CH,OCH,),CH, (CHu)o 12a

Scheme 3
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The strategy for the synthesis of concave pyridine bissulfonamides 13 was
also applied to the synthesis of concave 1,10-phenanthroline bissulfonamides 14
(Structures 2) but here the yields were disappointing ( < 10%) [20]. Therefore,
for conformer-free concave 1,10-phenanthrolines the bridgehead atoms have
been substituted by bridgehead groups (see below).

A CH,(CH,0CH,),CH, (CHy)yo
b CH,(CH,0CH,),CH, (CH,OCH,);

Structures 2

2.2 Groups as Bridgeheads

An alternative to atoms as bridgeheads are trisubstituted groups. To simplify the
geometry of the concave reagent, flat and symmetrical structures were used:
1,2,3- and 1,3,5-trisubstituted benzenes. When these groups are incorporated
into bimacrocyclic structures cyclophanes [3] are formed. Three different
strategies have been used to synthesize concave 1,10-phenanthroline cyclo-
phanes, concave pyridine cyclophanes, and concave benzoic acid cyclophanes.
All three methods have in common that the aryl bridgeheads are joined first with
the functional group (1,10-phenanthroline, pyridine, or benzoic acid) before a
double macrocyclization is used to build up the final bimacrocycles [9].

2.2.1 Concave 1,10-Phenanthroline Cyclophanes

To incorporate an aryl group into the 2- and 9-position of a 1,10-phenanthro-
line, Sauvage’s [21] addition of aryl lithium compounds to 1,10-phenanthroline
was used [22] (Scheme 4). In 58% yield, the tetra-ortho-methoxy substituted 2,9-
diaryl-1,10-phenanthroline 17 was synthesized from 1,10-phenanthroline 15 and
the lithium salt 16. Reaction with BBr; gave the tetraphenol 18 which could be
doubly bridged by a variety of diiodides 19 or ditosylates 20. Because the
tetraphenol 18 has four hydroxy groups, it is also possible that the chains X join
two oxygen atoms of the same aryl bridgeheads leading to metacyclophanes 43
(see Sect. 3.1). But only the concave bimacrocycles 21 were isolated. Structures 3
lists the known [20, 22] concave 1,10-phenanthroline cyclophanes 21. The yields
are < 30% but this is acceptable because two macrocycles are formed in one
step.
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2.2.2 Concave Pyridine Cyclophanes

In the synthesis of concave 1,10-phenanthroline cyclophanes 21 (Scheme 4), the
aryl bridgeheads could be easily introduced by the addition of two aryl lithium
moieties 16 to 1,10-phenanthroline (15). Although aryl lithium compounds may
also be added to pyridine {23], this approach could not be realized for the
construction of concave pyridine cyclophanes 29 yet [24]. Therefore another
route for the synthesis of the concave pyridines 29 was used (Scheme 5): the
cyclization of 1,5-diaryl substituted Cs-units 23 or 27 with ammonia. The
resulting 2,6-bis(2,6-dimethoxyphenyl)pyridine 24 [25], the pyridine analogue to
the tetramethoxy-1,10-phenanthroline derivative 17, was then treated in the
same way. After liberation of the phenol functions, the four OH groups of 28
were reacted with two equivalents of diiodides 19 [25]. As in the synthesis of the
concave 1,10-phenanthroline cyclophanes 21, two macrocycles were formed in
one reaction step.

OMe OMe
0
CHy oM
OMe [}
25 16
22 ‘
OMe MeO
HC(OEt) ]
NS
HCIO, MeO OH  OH OMe
. OMe MeQ 26
- |
' @
MeC OEt Ottt OMe KMnO,
cioP
O OMe MeO O
23 ’/\/\/\n,
MeO O 0 OMe
27
NHOAc/ NH,0Ac/ o
2
HOAc¢ HOAc
24
Scheme 5
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HO Z OH
BBr NS
2 > N T
4 or HBr O 0 =
H H
28

2 =Xl (19)
K,COy / DMSO

Scheme 5 {contd.)

2.2.3 Concave Benzoic Acid Cyclophanes
If the pyridine ring in a concave pyridine cyclophane 29 was exchanged by a

benzoic acid, a concave benzoic acid cyclophane 38 would result (Scheme 6). The
core of this acid is a m-terphenyl substituted in 2'-position. m-Terphenyls can be

@\ 1 MgBr O 1. nBuli
Cl cl E—
A O ! O 2. €O,

———— 32 3. HO

Br Br
O 2 HS-X-SH (37)
=

CrD me P
X x 12
Z KOH / DMF

Br Br
X = COOH 33 X = COOH 35
CH,M, [:

X = COOMe 34 X = COOMe 36

] ]
NXs

07 0R
S

Scheme 6

70



Concave Acids and Bases

X3 =
woou
¥ T
)

W W
©

Scheme 6 (contd.)

easily prepared by the reaction of an aryl-Grignard reagent 31 with 13-
dichioro-2-iodobenzene (30) [26]. When the intermediate Grignard functionality
in 2'-position is quenched with iodine, the 2'-iodo substituted m-terphenyl 32 is
generated.

This iodo compound 32 can be lithiated with n-butyl lithium to give an
organolithium compound. Its reaction with CO, gave the m-terphenylcarbox-
ylic acid 33 which forms the ester 34 upon treatment with diazomethane [27].
The four methyl groups in 2,2”,6,6"-position of 33 and 34 could be function-
alized by NBS-bromination [27]. Subsequent double-bridging of the tetrabrom-
ides 35 and 36 with dithiols 37 gave concave benzoic acids 38 and esters 39 [27]
as shown in Scheme 6. The more aryl rings a concave acid contained the less
soluble it was. To increase the solubility, the anthracyl derivatives 38¢ and 39c
were therefore substituted by two tert-butyl groups [27b].

The concave acids 38 and the esters 39 could be interconverted. Reaction of
the acids 38 with diazomethane led to the methyl esters 39. §2 dealkylation of
the esters 39 by lithium iodide in pyridine gave the acids 38 [27].

2.3 Other Concave Reagents

The synthetic strategies discussed above are not restricted to pyridines, 1,10-
phenanthrolines and benzoic acids. Therefore a large number of other concave
reagents may be synthesized in the future.

As an example, starting from m-terphenyls with other functionalities in
2'-position, other concave molecules with a m-terphenyl core are conceivable.
Sulfur substituents have already been introduced into the 2'-position of a
m-terphenyl, for instance X = SH,SO,H or SO,Cl (see Section 6). A protected
thiol functionality has already been incorporated into a concave thiol acetate 42
[28] (Scheme 7).

71



U. Liining

Br Br

2 v LU s (a7a)

KOH / DMF

Scheme 7

3 Characterization

All concave acids and bases mentioned here were characterized by standard
analytical methods: m.p., elemental analyses, IR, NMR and MS. In some cases
the structure was further elucidated by X-ray analysis. Furthermore, the acidity
(basicity, respectively) was determined.

3.1 Proof of Assigned Structure

In the synthesis of all concave acids and bases, a difunctionalized molecule A-A
was cyclized with a difunctionalized bridge component B-B. Because telo- and
polymerizations are the main side reactions [29] the isolated macrocycles need
not be the expected [1 + 1] addition products, the (-A-AB-B-), cycles. [n + n]
Telomers with the general structure (-A-AB-B-), are also possible. These
molecules have identical elemental analyses and similar IR and NMR data.
Therefore the mass spectral analyses of the macrocycles are very important
because this is the only method which can tell [1 + 1] and [2 + 2] addition
products apart. Due to the high molecular weight of the concave acids and
bases, special MS techniques were necessary in some cases [30]. In the case of
the macrocyclic diamine 7 [R = NEt,, X = CH,(CH,OCH,),CH,], a [2 + 2]
addition product could be isolated and characterized besides the desired [1 + 1]
product [12a].

When aryl rings were used as bridgeheads (Section 2.2), a tetrafunctional-
ized pyridine 28 (s. Scheme 5), 1,10-phenanthroline 18 (s. Scheme 4), benzoic acid
35 (s. Scheme 6) or methyl benzoate 36 (s. Scheme 6) was reacted with two
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equivalents of a difunctionalized bridge component 19, 20 (s. Scheme 4 and 5) or
37 {s. Scheme 6). Therefore in all these cases, not only telomers can be formed as
undesired side products. Also two isomeric [1 + 2] addition products are
conceivable, the desired concave acids (and bases) and bis-cyclophanes in which
the bridges have connected the two functional groups of the same aryl ring.
When the tetraphenol precursor 18 is bridged with two equivalents of 19 or 20,
two isomers may be formed: the desired bimacrocyclic concave 1,10-phenanthro-
line 21 and a bis-cyclophane 43 (Structures 4).

21 43

Structures 4

Whereas the identification of a [1 + 1] or a [2 + 2] cyclization product was
unequivocal by MS, it was more difficult to distinguish between the concave
bimacrocycles and the bis-cyclophanes. But a combination of NOE investiga-
tions with complexation studies followed by NMR, and finally X-ray analyses
proved the bimacrocyclic concave structure of the concave acids and bases 21, 29
and 38 [15, 20, 27a].

3.2 Conformational Studies

The first synthesized concave bases, the concave pyridine bislactames 3 (Struc-
tures 1), possess two amide groups in each molecule. The rotational barrier for a
carboxamide bond is ca. 75 kJ/mol [12b, 19]. Therefore at room temperature, E-
and Z-forms are observed in the NMR spectra. Because each concave pyridine
bislactame 3 contains two amide groups, diastercoisomeric conformers are
observable (see Fig. 2). Structures 5 show the ZZ-, EZ- and EE-conformers for
the concave pyridine 3c.

These conformers do not only complicate the NMR spectra, they also make
it difficult to discuss the reactive conformation of the concave reagent. Further-
more, the existence of the conformer mixture slows down the crystallization of
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Fig. 2. Comparison of 'HNMR-sig-
nals between the concave pyridine bis-
13a lactame 3¢ (Table 1) and the concave
pyridine bissulfonamide 13a (s. Scheme
3). While for 13a only one set of signals
- exists for the pyridine H-atoms
U (> 7ppm) and the H-atoms of the
methylene spacer { < 5 ppm), the spec-
. ‘ . trum of 3¢ shows three sets of signals
7 6 5 (ZZ, EZ and EE) [12a]

the compounds enormously. And even in the solid state, the conformers may
coexist, as IR spectroscopy and DSC studies have shown [12b]. It was also
difficult to obtain crystals suitable for X-ray analysis.

To circumvent these problems, the carboxamide groups have been substitu-
ted by sulfonamide groups (see Sect. 2.1.3). Indeed, the concave pyridine
bissulfonamides 13 (s. Scheme 3) possessed much simpler NMR spectra. Figure
2 compares the concave pyridine bislactame 3¢ with the corresponding concave
pyridine bissulfonamide 13a.
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3.3 Basicity, Acidity

A concave base must be concave and basic. Therefore, the basicities (and
acidities, respectively) of concave bases and acids have been determined. Be-
cause most concave acids and bases are not soluble in water, the measurements
had to be performed in an organic solvent. A photometric titration versus
thymol blue in ethanol was chosen [31].

As expected, the basicity of concave pyridine bislactams 3 (Structures 1) and
pyridine bissulfonamides 13 (s. Scheme 3) was enhanced by 4-substitution with
electron-donating groups like OMe or NEt, (ca. 1 pK, unit for OMe, more
than 3 pK, units for NEt, [12, 327). But also the nature of the chains X and Y
had a strong influence on the basicities. The basicities of 4-H-substituted
pyridines 3 vary by more than two orders of magnitude [12]. However, when the
basicities of the concave pyridines 3 are compared with non-concave pyridines
they cover the same range of basicity.

It therefore can be stated: The base-property of pyridine is conserved in the
concave pyridine bislactams 3. But the basicity of each individual concave base
is determined by the overall structure (X, Y) and the substitution pattern of the
pyridine.

When the concave pyridine bislactams 3 are compared to the bissulfon-
amides 13, a decrease for the basicity of 13 can be noticed. The exchange of the
carbonamide function in 3 by a sulfonamide in 13 lowers the basicity by up to
two orders of magnitude [12a].

In addition, the basicities (or acidities) of the concave 1,10-phenanthrolines
11 (s. Scheme 2) and 21 (s. Scheme 4) [18, 207 and the concave benzoic acids 38
(s. Scheme 6) [27, 33] have been measured. Also in these compounds, the
acid/base properties of the parent compounds 1,10-phenanthroline and benzoic
acid are at least conserved. Surprisingly, in the concave 1,10-phenanthroline
cyclophanes 21 distinctly higher basicities than for 2,9-unsubstituted 1,10-
phenanthrolines were found (ca. two orders of magnitude). Substitution in 4,7-
position by aryloxy-substituents 21e (s. Structures 3) further increased the
basicity [20].

3.4 X-Ray Analyses

Besides the examination of the acid/base properties of the concave acids and
bases, the geometry of the new bimacrocyclic acids and bases had to be
investigated to show that the concave acids and bases were indeed concave.
Therefore crystal structures were elucidated by X-ray analyses. For the pyridine
bislactam 3e (s. Table 1) [12b], the pyridine bissulfonamide 13j (s. Scheme 3)
[15], the 1,10-phenanthroline cyclophane 2la (Structures 3y [20] and the
benzoic acid 38a (s. Scheme 6) [27a], crystals could be obtained which were
suitable for X-ray analyses. The structures are shown as stereoplots in Figs.
3(a)-(d).
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Fig. 3. Stereoplots of the crystal structures of the concave acids and bases: (a) 3e, (b) 13}, (¢) 21a and
(d) 38a
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Besides a further proof of the bimacrocyclic structures, the X-ray analyses
clearly show that the degree of concavity depends on the size and conformation
of the bimacrocycles. While the structure of the bislactame 3e resembles the
model “light bulb in a lamp shade”, in the bissulfonamide 13j, the pyridine ring
lies flat in one plane with the polymethylene chain with the polyether chain
shielding one side. In this conformation, a frontal attack at the sp? nitrogen
atom of the pyridine ring is shielded by the polymethylene chain. If a reaction
takes place at the pyridine nitrogen atom, an attack from below is therefore
most probable. But the sp® lone pair orbital is oriented orthogonal to a
hypothetical attack from below. This may be a reason for the low reactivity of
concave pyridine bissulfonamides 13 in comparison to concave pyridine bislac-
tams 3 (see Sect. 4.2) if in solution, the same conformation existed for a concave
pyridine bissulfonamide 13 as in this X-ray.

The other three X-ray structures show the expected lamp-like geometry.
While for 3e in solution conformers are known (see Sect. 3.2.) and the chains X
and Y may have varying orientations, such flexibilities are not existent in the
concave 1,10-phenanthroline 21a and in the concave benzoic acid 38a. Here the
X-ray structure should be much closer to the conformations in solution.

The data of the X-ray analyses were then used in computer studies to
examine the concavity of the compounds more thoroughly.

3.5 Surface Studies

Based on the X-ray data (sce above), the accessibility of the concave functional
group was studied. By computer modelling (Connolly-routine [347]), spheres of
varying sizes were rolled over the van der Waals-surfaces of the concave
reagents which were calculated from the X-ray data, and the resulting contact
surface was monitored.

In the case of the concave acid 38a (s. Scheme 6), the Connolly routine
showed that the m-phenylene chains were not sufficient to ensure a concave
environment [33]. Unfortunately no crystals of the concave acids 38b and 38c
(s. Scheme 6) with more extended chains X could be obtained which were suitable
for an X-ray analysis. But NMR studies of the corresponding concave methyl
benzoates 39 (s. Scheme 6) showed an increase in shielding by the chains X: the
larger the chains X were (39a — 39b — 39¢) the more upfield the methyl signal of
the ester groups in 39a-¢ was shifted in the 'H NMR spectra [27b].

When the Connolly-routine was applied to the concave 1,10-phenanthroline
21a (Structures 3), spheres with a radius up to 2.7 A were able to touch the
nitrogen atoms whereas larger spheres were not. This means that spheres with a
diameter of more than 5.5 A cannot react with the basic nitrogen atoms of 21a
anymore [20].

In the case of the crystallized pyridine 3e (s. Table 1), for the Connoily-
routine a proton was attached to the pyridine atom and the contact between the
rolling sphere and this proton was examined. Also here, small spheres may
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contact the proton whereas large ones may not. In this case, the cut-off radius of
the sphere was between 2.0 and 2.5 A [12b, 32].

The above computer study suggested to investigate protonation reactions
via protonated concave pyridines 3. Size selectivity was expected. In the
following section (4.1) intramolecular competitions for protonations by concave
pyridines 3 will be discussed.

4 Reactions

4.1 Model Reactions with Concave Acids
4.1.1 The Soft Nef-Reaction

As the Connolly studies suggested (Sect. 3.5), protonated concave pyridines
should be able to discriminate between small and large molecules. In a model
reaction, a protonation reaction has therefore been examined. The protonation
of nitronate ions 44 has been chosen [35] (Scheme 8). In these ions an
intramolecular competition of carbon versus oxygen protonation leads to nitro
(45) or aci-nitro (46) compounds. The latter ones may then be hydrolyzed by way
of the Nef-reaction [36] to form carbonyl compounds 47.

C—protonation

o
pyH*/py-buffer /
/ / y RzCH“‘N+
\Y
45 %
R,C™=NO,
+H*
44 N H* /H,0
R,C=NOOH ———# R,C=0
46 Nef a7

G~protonation

Scheme 8

While the Nef-reaction (i.e. O-protonation) needs strong acidic conditions
[36] the formation of nitro compounds (C-protonation) is achieved in buffers,
e.g. in pyridinium/pyridine buffers. But when the pyridine of the buffer was
exchanged by a concave pyridine 3 (Table 1) of the same basicity while keeping
the concentrations constant, the course of the reaction changed completely: no
C-protonation was found, the only products were carbonyl compounds 47
although the reaction was carried out in a buffer. Therefore, the concave
shielding in the concave pyridine 3 must be responsible for this result because
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the concave pyridine buffer had the same pH (i.e. identical EtOHJ concentra-
tion) and the same concentration of protonated pyridine as the pyridine buffer.
Scheme 9 explains the situation.

Soft Nof—Reaction

RR'CT-NO, (44)

EtOH,* RR'C=0
(H;0) a7
)
RR'CT-NO, (44)
@ RR'CH-NO,
C—protonation 45

3H*t  (hindered)

Scheme 9

Due to the basicity of the (concave) pyridine, in a buffer most protons are
located on the pyridine nitrogen. The concentration of free EtOHS is small.
Therefore in the standard pyridine buffer the C-protonation is faster than O-
protonation. However, in a buffer containing a concave pyridine 3, the pro-
tonated nitrogen atoms of the concave pyridines 3 are shielded. This retards the
C-protonation and a small concentration of protonated ethanol (EtOHJ) is
sufficient for O-protonation and the Nef-reaction. Thus, the Nef-reaction is
possible in a buffered medium, under “softer” conditions than with mineral
acids. The reaction was therefore called the Soft Nef-Reaction.

A variation of the concentration of concave pyridine 3 and p-toluenesulfonic
acid (48) in the buffers gave further proof [35] that the C-protonation is a
general protonation [37] while the O-protonation is a specific protonation [37]
by protonated solvent molecules. The shift from general to specific protonation
in the Soft Nef-Reaction is caused by the sterical shielding of the nitrogen atom
of the concave pyridines 3. But also other very large a-substituents like zert-butyl
groups are sufficient [2,6-di-tert-butylpyridine (49)] to change the course of the
reaction from C- to O-protonation. The soft Nef-Reaction may be carried out
with primary and secondary, with cyclic and acyclic nitronate ions {see below).

4.1.2 Substrate Selectivity

The Soft Nef-Reaction was carried out with different nitronate ions 44 and
different buffers as shown in Table 2 [38]. As expected the use of p-toluenesui-
fonic acid (48) alone resulted in the formation of the Nef-products 47 whereas
pyridine (50) and 2,6-dimethylpyridine (51) buffers gave the nitro compounds 45.

The Soft Nef-Reaction was possible using the sterically shielded 2,6-di-tert-
butylpyridine (49). But when the concave pyridine 3¢ was used, different
products (nitro compounds 45 or carbonyl compounds 47) were found for
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Table 2. Competition between C-protonation (formation of nitro compounds 45) and O-proton-
ation (formation of the Nef-product 47) in the protonation of nitronate ions 44 {s. Scheme 8). The
percentage of C-protonated product 45 for different buffers {pyridine/p-toluenesulfonic acid) and
unbuffered p-toluenesulfonic acid (48) is listed

NO,
NO, NO, >—<No2 f/
Ph Ph N £h Ph
45a 45b 45¢ 45d
pTsOH 48 <5 ¢ 0 8]
“) 49
> 25 g o 0
T}  s0
N 100 100 100 ca. 75
cd
] 51
/(Nj\ 100 100 90 90 - 95
N
N 90 0
> 15 - 20 25 - 30
oLy~
(CHI 10
Ome
2
N/“N y 3
100 100 30 - 70 )
0 ‘\,0\_}0»)}0
(CHZ 10

different nitronate ions 44. The primary nitronate ion 44a was C-protonated
while the secondary nitronate ions 44b—d yielded the products of the Nef-
Reaction (47). Concave pyridine 3¢ (Table 1) is able to discriminate between
primary and secondary nitronate ions 44 in competition reactions: it shows
substrate selectivity.

The pH sensitivity of the Nef-reaction (general vs. specific protonation,
Section 4.1.1) becomes obvious when the concave pyridine 3j was used instead
of 3¢. Both concave pyridines 3¢ and j have the same structure; the only
difference is the 4-substitution by a methoxy group leading to another basicity.
Therefore with the same buffer concentration, the pH of the 3j-buffer is higher
leading to more C-protonation.

4.1.3 Stereoselectivity

The C-protonation of the cyclic anion 44d gives two stereoisomers: cis-45d and
trans-45d. The thermodynamics favor the trans-compound trans-45d by 4:1 {39,
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40]. But when pyridine buffers were used for the protonation, an increasing
degree of 2,6-substitution in the pyridines increased the amount of cis-product
cis-45d formed [35, 39]. Because concave pyridines 3 and concave 1,10-
phenanthrolines 21 may be regarded as bases with very large a-substituents,
concave pyridines 3 and concave 1,10-phenanthrolines 21 were tested for their
influence on the stereoselectivity of this reaction [41]. But for the investigated
concave bases, hardly any stereoselectivities were found. Maybe the shielding of
the protonated pyridine nitrogen atom is too large in these molecules. Fortun-
ately another class of bases was also checked in this reaction: bis-ortho-
substituted 2-aryl-1,10-phenanthrolines 52. These molecules are twisted along
the aryl-phenanthroline axis and are concave, too, but more shaliow.

When these bases 52 were used in buffers for the C-protonation of the cyclic
anion 44d, high stereoselectivities were found as Table 3 shows [42]. Remark-
ably, the thermodynamically less stable cis-product cis-45d was formed in

Table 3. The protonation of the nitronate ions 44c and 44d by protonated 2-aryl-1,10-
phenanthrolines 52 leads to threoferythro or cisftrans mixtures of the products 48c or 454,

respectively (s. Table 2)
NO, NO,
" s
Ph
Ph 44d 44c

l l

cis/trans— 45d threo/erythro— 45¢

equilibrium 0.2 -~ 0.25 <1
pyridines 0.7 - 3.4 0.9 - 1.2
concave pyridines 3 0.6 —- 10 -
concave 1,10-phenanthrolines 21 0.7 -
52a R = H 1.5 -
52b R = Me 8.0 -
52¢ R = OMe 8.7 1.0
52d R = DAc 2.7 10.4
52e R = 0O0CTBu 16.1 1.1
52f R =
%0% 13.3 27.4
o]
_/(O
52 R = -
9 Oé 12.6 0.9
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excess. In Scheme 10, the two reaction pathways which lead to the cis- and trans-
products cis-45d and trans-45d are sketched. In the reaction leading to the cis-
cyclohexane cis-45d, the protonated 1,10-phenanthroline 52-H™ attacks equator-
ially. Because the small proton is still half bound to the large 1,10-phenanthroline
52 — it is concavely wrapped — the equatorial orientation of this large pseudo-
substituent is favored. In Scheme 10, the concavely wrapped proton is drawn as
a proton in a circle. The product of this transition state eq-53, however, is the cis-
nitro compound cis-45d, the thermodynamically less stable product. The con-
cave wrapping of the proton is therefore the reason for a contra-thermodynamic
protonation. This finding is not restricted to cyclic compounds. An excess of the
thermodynamically less stable products was also found for the protonation of
the acyclic nitronate ion 44¢ [40] (see Table 3).

7 I

T *
) (2
2 %, NO
@ ”U,W"”'H @ @ 2
Ph \/ - Ph—t

€g-53 ax-53

=

2
H \M\NOZ
Ph Ph

cis-45d trans-45d

Scheme 10

4.1.4 Protonation of Allyl Anions

The high selectivities found in the protonation experiments of the nitronate ions
44 suggested that also allyl anions 54 can be regioselectively protonated by a
general acid protonation. Therefore, some lithium allyl compounds (Structures
6) were generated by deprotonation of alkenes with n-butyl lithium.
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Structures 6

When various acids 55 were used for the protonation of these anions 54,
indeed influences of the nature of the acid 55 on the a,y-protonation ratios were
found [33, 43]. But good selectivities were only found for the triphenylsilylallyl
anion (54a) (see Table 4). Other anions 54 either had an intrinsic selectivity in
extreme favor of one regioisomer, or the a,y-ratio could not or only slightly be
altered by the use of different acids 55.

Table 4. Regioselectivity of the protonation of the
triphenylsilyallyl anion (54a) by various acids 55 in
diethyl ether [43]

Ph,Si
MR
©

acid 54a t 1

a 7

55a OH 10 : 90

55b  FC,SOzH 35 : 65

55¢ H,S0, 47 : 53

55d  Ph,C~H 47 : 53

55 (NC),CH, 48 : 52

55¢f tBuOH 49 : 51

55g  PhOH 50 : 50

§5h  H,0 60 : 40

55§ R = Et 84 : 16
COOE

55Kk R = Me 80 : 10
COOEt

551 R =H 90 : 10
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Due to the low solubility of the concave pyridines 3 in diethyl ether, the
corresponding pyridine buffers could not be compared with the experiments of
Table 4. But when the protonations were carried out in other solvents, no
influences of the acids (including the acids of Table 4) on the regioselectivity
could be found. The exchange of diethyl ether by other solvents caused a color
change of the allyl anion solution which indicated different structures for the
“anions” in diethyl ether and in other, more polar solvents [44].

Therefore, the attempt to direct the protonation of allyl “anions” sys-
tematically by using concave acids is doomed because every change in reagent,
reaction conditions and solvent has a strong influence on the aggregates of the
anions with the lithium counter ions and these changes cannot be separated
from one another.

4.1.5 Summary of Selective Protonation Reactions

Selectivity increases by the use of buffers of concave bases were found for the
protonation of nitronate ions 44 (s. Scheme 8). Three interesting results have
been found:

~ The Soft Nef-Reaction (Nef-reaction in buffers at high pH)
— Substrate selectivity (differentiation between 1° and 2° nitronate ions)
— Contra-thermodynamic stereoselectivity (cis/trans or threo/erythro selectivity)

In the case of the protonation of allyl anions 54 (Structures 6), no systematic
governing of the selectivity is possible at present. Due to the existence of
complex mixtures of lithium allyl aggregates, these systems are extremely
sensitive to small changes in reaction conditions.

4.2 Model Reactions with Concave Bases

In the previous section, concave bases 3 (Table 1) were used in buffers. Therefore,
the reacting species had been the conjugate acids, the protonated concave bases
3-H*. Furthermore, the buffers had at least to be equimolar. Therefore as
a second model reaction, a reaction was chosen in which the concave bases 3
operate as a base and in addition as a catalyst. The bases are not used
up in the course of the reaction as the protonated conjugate acids were in
Sect. 4.1.

There are many reactions in which pyridines are used as bases. Howeverin a
large number of reactions only pyridine itself is reactive. a-Substituted pyridines
behave differently, e.g. in the catalysis of acylation reactions with acyl chlorides
or anhydrides [45]. The sterical hinderance of the x-substituents decelerates
reactions in which a pyridine reacts as a nucleophile. A reaction which can be
base-catalyzed by a-substituted pyridines is the addition of alcohols to hetero-
cumulenes such as ketenes and isocyanates. Therefore this reaction was investig-
ated as a model reaction for base catalysis by concave pyridines.

84



Concave Acids and Bases

4.2.1 Reactivity

In contrast to pyridine catalyzed acylations with acyl chlorides or anhydrides
where the pyridine acts as a nucleophile, the base-catalyzed addition of alcohols
to heterocumulenes [46] may occur as a general base-catalyzed reaction in
which also a-substituted pyridines are active, e.g. 2,6-dimethylpyridine (51).
Therefore concave pyridines 3 were tested, too. While the addition of ethanol to
phenylisocyanate could hardly be accelerated by addition of pyridines [15], the
reaction of alcohols with ketenes was accelerated by various pyridines. Two
mechanisms (general base catalysis [37, 46c] vs nucleophilic catalysis [37, 46d])
are discussed in the literature and shown in Scheme 11.

o@
6 ; R,C =(
R=0—H--N_ =8
56 ° 57 )
pyridine ,
ROH + R,C=C=0 ———— R,CH-COOR
58 59 60
a: R = Ph
Scheme 11

In a general base catalysis, the pyridine forms a hydrogen bond to an
alcohol function (56). This causes a polarization and increases the nucleophi-
licity of the alcohol oxygen thus accelerating the reaction [46c]. The second
mechanism postulates a betain intermediate 57 which is formed by a nu-
cleophilic attack of the pyridine on the ketene 59 [46d].

A variety of concave pyridines 3 (Table 1) and open-chain analogues have
been tested in the addition of ethanol to diphenylketene (59a). Pseudo-first-
order rate constants in dichloromethane have been determined photometrically
at 25°C by recording the disappearance of the ketene absorption [47]. In
comparison to the uncatalyzed addition of ethanol to the ketene 59a, acceler-
ations of 3 to 2500 were found under the reaction conditions chosen. Two
factors determine the effectiveness of a catalyst: basicity and sterical shielding.
Using a Brensted plot, these two influences could be separated from one
another. Figure 4 shows a Brensted plot for some selected concave pyridines 3
and pyridine itself (50).

When (concave) pyridines with identical a-substitution but different basicity
(caused by 4-substitution) were compared, a linear basicity-reactivity depend-
ence was found. For different types of pyridines the lines run more or less
parallel [47]. The slopes of these lines are approx. 0.3. This argues for the
association mechanism between the alcohol and the pyridine (via 56) because for
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mechanisms where a pyridine acts as a nucleophile (via 57} slopes of approx. 0.8
are expected [48]. By comparing the straight lines at one basicity (e.g. log K
= 0}, a sterical shielding factor S for the pyridine nitrogen atom for this catalysis
could be determined [49].

kops(0) (unhindered pyridine)

S=
k,u. (Q)(sterically hind., a-disubstituted pyridine)

For concave and non-concave pyridines a large variety of S-values were
found [47]. a-Unsubstituted pyridines were the most reactive ones but 2,6-
dimethylpyridine (lutidine) was only 1.2 times slower. Larger a-substituents led
to larger shielding factors: § = 115 for 2,6-di-tert-butylpyridine {49) and 339 for
2,6-diphenylpyridine. The larger concave pyridines 3d, 3k, and 3r (with a longer
chain X) catalyzed the reaction rather good (S = 25) whereas the smaller
bimacrocyclic pyridines 3¢ and 3j (with a shorter chain X) were at least 600 times
slower. Comparison with the catalysis by a carboxamide group suggests that the
carboxamide bridgeheads are the catalytically active sites in the smaller concave
pyridines 3¢ and 3j. In Fig. 4 this amide-catalysis is indicated by a zig-zag line.

In contrast to the pyridine nitrogen atom, the carboxamide functions are not
located within the concave space of the catalyst 3. Therefore, only concave
pyridines 3 with a distinctly higher reactivity than N,N-dimethylacetamide can
be considered concave catalysts. On the other hand, the basicity dependence of
the catalytic activity of the larger concave pyridines 3d, 3k and 3r argue for the
pyridine nitrogen atom as the catalytic center. In 4-diethylamino-substituted
concave pyridines like 3r, a further competition is conceivable, the competition
between the basicity centers in the concave (pyridine) and convex (diethylamino}
position. But the very slow catalysis by N,N-diethylaniline argues strongly
against a catalysis by the diethylamino group [47]. Concave pyridinebissulfon-
amides 13 (s. Scheme 3) also catalyzed the addition of alcohols to diphenylketene
(59a) [47]. With a shielding factor § of 107, their reactivity was between the
smaller (3¢, 3j) and the larger (3d, 3k, 3r) pyridine bislactams.

The addition of ethanol to diphenylketene (59a) shows that a standard
catalyst like pyridine (50) may be incorporated into a concave structure and that
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the resulting concave pyridines 3 are still catalytically active. The reactivity,
however, depends on the sterical shielding and on the basicity. As shown for the
4-(N,N-diethylamino)-substituted larger concave pyridine 3r, the sterical hin-
drance by the concave shielding (S = 25) can be compensated by introduction of
a basicity-increasing substituent like a diethylamino group. With this concave
pyridine 3r, a reactive concave catalyst with a catalytic activity comparable to
pyridine itself (50) is available. Therefore alcohols 58 which are less reactive than
ethanol could also be investigated and the influence of the concave structure on
the selectivity of such catalysts in the addition of varying alcohols to ketenes
could be studied.

4.2.2 Selectivity

4.2.2.1 I° vs 2° Alcohols

As discussed above, the catalysis of the alcohol addition to diphenylketene (59a)
(Scheme 11) can be explained by the formation of an alcohol-concave pyridine
complex 61 (Structure 7). The differences in catalyses by different concave
pyridines 3 (Table 1) may be explained with the varying ring sizes in the catalysts
(see above: sterical shielding S). Ethanol may form more easily a hydrogen bond
to the pyridine nitrogen atom of a larger concave pyridine 3 and the polarized
oxygen atom in the resulting complex will also be more accessible for diphenyl-
ketene (59a). But when the variation of the size of the concave pyridine 3 has an
influence on the rate of catalysis, one can also expect rate differences when the
catalyst is kept constant but the alcohol 58 is varied, i.e. when 1°, 2° or 3°
alcohols are compared. Rate constants for standardized reactions of diphenylke-
tene (59a) with ethanol and isopropanol were measured [15, 47]. The quotients
of the rate constants k., [EtOH]/k,,[i-PrOH] are listed as calculated selectiv-
ities 1°/2°,,,. in Table 5.

There is an inherent selectivity for the addition of a 1° and a 2° alcohol to
diphenylketene (59a): the selectivity of the uncatalyzed reaction is not unity.
Also the bridgeheads of the concave pyridines 3 (Table 1) and 13 (s. Scheme 3)

Structure 7
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Table 5. Calculated selectivities 1°/2°,,,, for
the addition of ethanol and isopropanol to
diphenylketene (59a) (s. Scheme 11) (quotients
of the rate constants kg, [EtOH]/k,,
[iPrOH]) [15,47]

10/29.4
uncatalyzed 1.5
Me,N-COMe 62 1.9
R
JONES
N 18 ~ 1.9
N\/OUO\/N
0 0
(CH )0
Et,N-SO,Me 63 1.5
R
=
< | 13
N 18 — 19
N
023§'°Le°94w 2
Hz)wo
7 50 38
R
=
< 3d,k,r
N 53 - 59
&/o\_ﬁ_’o\)
(CHz)so

may catalyze the addition [47], the selectivities of carboxamide (62) and
sulfonamide (63) (Table 5) catalyses are also larger than unity. The known fact
(see above, [47]) that small concave pyridines 3¢ and 3j are catalyzing via their
carboxamide functions is supported by their selectivities. Also in the case of
bimacrocyclic pyridine sulfonamides 13, the selectivities did not vary much from
those obtained for the sulfonamide 63 alone. But when a set of larger concave
pyridines 3d, 3k and 3r was used, good selectivities 1°/2°,,. were found. The
incorporation of the pyridine into the bimacrocyclic structure in fact influenced
the catalyses of the isopropanol addition more than it did for ethanol. The
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similar selectivities 1°/2°,,. for 3d, 3k and 3r which differ strongly in their
basicity also show that the shape of the concave pyridine 3 is responsible for this
selectivity and that the basicity has hardly any effect.

These results are confirmed by direct competition experiments where di-
phenylketene (59a) was added to a solution of the catalyst which contained a
mixture of alcohols [50]. While the direct competition experiments gave the
same trend (3d, 3k, 3r are the most selective catalysts) the absolute values of
1°/2° omp Were much larger than the 1°/2° . selectivities:

Pyridine (50) 1°/2°,. = 38 19/2° omp = 4.2
3¢, 3j; 1°/2° e = 1.8 — 1.9 1°/2%omp = 3.5 — 4.6
3d, 3k, 3r: 1°/2° .= 53— 59 1°/2°omp = 8.3 — 11.5

The differences between 1°/2°,,, and 1°/2° . are probably caused by the
changes in the reaction media. In unpolar media, alcohols form telomeric,
hydrogen bonded complexes (rings or chains) whose nature depend on the
concentration(s) and the type of alcohol(s) [51]. When a competition experiment
is compared to the addition of a single alcohol either the overall alcohol
concentration can be chosen identical, or each alcohol concentration may be the
same leading to a higher overall concentration. Indeed, in each case different
selectivities were found [15].

The data in Table 5 show that concave pyridines 3 are able to differentiate
alcohols. In synthesis, this capability is important when OH-groups within one
molecule shall be differentiated. Therefore, intramolecular selectivities were also
determined. Table 6 lists the results of intramolecular competition reactions for
1,2-propanediol (64) 1°/2°,,,,,. Again, the small concave pyridine 3¢ only showed
a small selectivity whereas the large concave pyridines 3d and 3r were the most
selective catalysts. With a selectivity of 15 (3r), a selectivity range is reached
which may be useful for applications because more than 93% of the function-
alized OH-groups are primary ones.

Table 6. Intramolecular competition constants 1°/2°,,,, for the base catalyzed addition of diphen-
ylketene (59a) (s. Scheme 11) to 1,2-propanediol {64) to give mono-acylated propanediols 65

— N
OoR' OR? Nk»uwN ﬁ\ﬂ m Nu o oj
o } 0 N N 0 & S Nt } O

CH CH
64 R, RZ = H (CHz)so (CHy)n
65 r. &? = R=H R =N,
CO~CHPh,, H
H, co-cﬁphz . 3c 49 50 3d 3r
1/2° 3 579 7 8 - 129 15

intra

* Depending on the concentration of the diol 64.
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4.2.2.2 2° vs 2° Alcohols

Of even greater importance than a 1°/2° selectivity is the differentiation between
secondary alcohols, e.g. in sugars and other natural products (chiral pool).

In a first set of experiments [52], the methyl ester of cholic acid 66a
{Structures 8) was reacted with diphenylketene {59a) in the presence and in the
absence of catalysts [pyridine (50), concave pyridine 3r]. But in all experiments,
only the equatorial group in 3-position could be acylated {66b). No function-
alization of the axial OH-groups in 7- and 12-position was found (66¢, 66d).

COOCH;

OR?

66b 66¢c 66d
R® = COCHPh, R = COCHPh, R? = COCHPh,
R7, R? = H R%, RZ = H R%, R” = H

Structures 8
Table 7. Yields of acylated glucose derivatives 67b—d in the base catalyzed reaction of the

glucose derivative 67a with diphenylketene (39a) (s. Scheme 11). The only other glucose
derivative 67 found was unreacted educt 67a

H
Hs‘:&o 5
0 r%
R?0Q
67a R, R =H OMe
67b 67c 67d
R? = H R = Ph,CH-CC | R? = Ph,CH-CO
R® = Ph,CH-CO | R® = K R® = Ph,CH-CO
uncatalyzed 35 42 3
pyridine 50 12.5 50 12.5
NEt,
f | 3r
7 67 n.d
\\/0 o 0\)
0
(CHz)so
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Therefore in a second set of experiments, the reaction between diphenylketene
{(59a) and a glucose derivative 67a with two equatorial OH-groups was investig-
ated. Table 7 lists the product distribution for the reaction of one equivalent of
67a with one equivalent of diphenylketene (59a) in the presence and absence of
catalysts.

As expected, axial OH groups were easier to differentiate from equatorial
ones than equatorial OH groups from one another. In the case of methyl cholate
66a, a standard reagent (pyridine, 50) does a good job. But in the glucose
derivative 67a, the two equatorial OH groups are much more similar to one
another. Therefore it is not surprising that they react with almost the same rate
in the uncatalyzed reaction. When pyridine (50) was used as catalyst, the
acylation of the 2-position (67¢) was preferred by a factor of 4 but also a bis-
acylated product 67d was formed. Concave pyridine 3r showed the best results.
With a selectivity of 9:1, the 2-acylated product 67¢ was formed and no
diacylated product 67d could be determined.

The selectivity studies show that concave pyridines 3 (Table 1) not only
catalyze the addition of alcohols to ketenes, but they may also differentiate
between different OH groups in inter- and intramolecular competitions. They
are not only reactive but also selective. First experiments with a chiral concave
1,10-phenanthroline show that enantioselectivity is also possible [20]. Structure
9 shows the concave 1,10-phenanthroline 21g which catalyzes the addition of R-
1-phenylethanol (R-68) to diphenylketene (39a) 20% faster than the addition of
the S-enantiomer S-68.

21g

Structure 9

4.3 General Conclusions from the Model Reactions

The model reactions of Sects. 4.1 and 4.2. have shown that the reactivity of a
pyridine derivative may also be found for their concave analogues. The concave
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pyridines 3 could be used as acids or as bases and improved selectivities were
found due to the concave shielding of the pyridine.

When the concave reagents are compared to other reactions in Supramole-
cular Chemistry a distinct difference must be noted: Most other approaches try
to bind the substrate in a host first. Then this complex reacts with a reagent
which either is present in solution or attached to the host. For concave reagents
and concave catalysts, however, there is no need for binding of the educt. In
contrast, the protonation reactions can be interpreted as a reagent (H™) host
complex.

5 Recycling

As outlined in Sect. 2, various classes of concave acids and bases may be
synthesized in gram quantities. But the syntheses are multistep sequences and
the yields are often limited by the macrocyclization steps. Therefore, for a
practical use, these reagents are quite “expensive” and recovery and recycling is
necessary.

In order to improve such a work-up, two concave pyridines 3 have been
attached to a polymeric back-bone in order to recover the concave base by
simple filtration. A spacer has been attached to the convex outside of the
pyridine 3, i.e. in 4-position of the pyridine ring. As spacer, an ethyleneglycol
unit was chosen because the spacer should not be too long to avoid a folding of
the hollow cave of the concave pyridine onto the polymeric backbone. On the
other hand, a spacer reduces interactions between the backbone and the concave
pyridine and enhances partial solvation.

The spacer-carrying, benzyl-protected concave pyridines 3n and 3o were
synthesized as described in Sect. 2.1.1 [16, 17]. Deprotection to give 3l and 3m
(Scheme 12) was possible by hydrogenation. Sodium hydride proved to be the
reagent of choice with which the glycol OH group could be deprotonated for
alkylation without damaging the bimacrocyclic structure. The concave pyri-
dines 3! and 3m with different ring sizes have been attached to a Merrifield
polymer 69. FT-IR spectroscopy, elemental analyses and titration characterized
the functionalized polymers 70 (Scheme 12). Quantitative analyses showed that
the modified polymers 70 contained 10% (w/w) of concave pyridine 3n or 3o,
respectively [16, 17].

The modified polymer 70a with the larger concave pyridine was then tested
in the base catalyzed addition of ethanol to diphenylketene (59a) and proved to
be catalytically active [17]. To compare the polymer bound concave pyridine
70a to the corresponding free concave pyridine 3k (MeO-substituted in 4-
position of the pyridine ring), the same quantities of pyridine units were used, in
solution (3k) or in suspension (70a) respectively. The polymer bound catalyst
70a catalyzed 2-3 times slower than the analogous 4-methoxy-substituted
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Scheme 12

concave pyridine 3k. Whether this result is caused by the differences between a
heterogeneous and a homogeneous catalysis, or whether the polymer bound
concave pyridine 70a is not as reactive as soluble ones, cannot be answered at
present.

6 Outlook

6.1 Concave Acids and Bases

Besides concave pyridines, concave 1,10-phenanthrolines and concave benzoic
acids, a large number of other concave acids and bases are conceivable
containing other acidic or basic groups in the concave position. The central
question for such new concave reagents is: how can the new functionality be
incorporated into the bimacrocyclic structure, and how can a concave orienta-
tion be assured?

Many supramolecular systems contain endo-functionalities. But in most
cases, the concave positioning of the functional group is not assured [53].
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Therefore structural units as the m-terphenyl moiety, which was used in the
concave benzoic acids 38, would be useful if new functionalities could be placed
in the 2'-position. In the case of the benzoic acid 33, the functional group
(COOH) was incorporated by the reaction of the 2'-lithio compound 71 with
CO,. But other electrophiles may also be used here [28]. Scheme 13 lists new m-
terphenyls 72—75 which were obtained when electrophiles other than CO, were
used. Standard group transformations transferred these products into other 2'-
substituted m-terphenyls 76-82 which are also listed in Scheme 13.

In the thiol 79 and the sulfinic acid 80, two new acidic functionalities are now
present in the 2'-position of a m-terphenyl system and should be incorporable
into concave structures by a double bridging of the m-terphenyl. For the acetyl-
protected thiol 78, the corresponding concave thiol acetate 42 (Scheme 7) could
be obtained after tetrabromination of the four methyl groups and bridging with
m-phenylenedithiol (see Sect. 2.3).

6.2 Other Concave Reagents

When acids and bases can be altered in their reactivity and selectivity by
incorporating them into concave structures, this should also be possible for
other functionalities. In addition, the functional groups used in the known
concave acids and bases do not have only acid/base properties. This allows them
to be used not only as acids or bases but also for other purposes.

6.2.1 Hydrogen Atom Transfer

While in concave acids and bases, protons (hydrogen cations) are transferred, a
thiol can also transfer hydrogen atoms. Therefore m-terphenyl-2'-thiol derivat-
ives 84 (Structures 10) should be investigated for their use in hydrogen atom
transfer reactions and compared with thiophenol. Thus for instance, the
regioselectivity of hydrogen atom transfer to allyl radicals 83 may be governed
by the concave shielding of a concave thiol 84 [54].

9 e R
85

R 84
L ]

83

Structures 10

As a precursor, a concave thiol acetate 42 (Scheme 7) has already been
synthesized (see Sect. 2.3).
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6.2.2 Redox Reagents

The free electron pair(s) in the concave pyridines 3(Table 1), 13 (s. Scheme 3) and
29 (s. Scheme 5) and especially in the concave 1,10-phenanthrolines 11
{s. Scheme 2) and 21 (Structures 3) are not only able to bind a proton, they may
also be used to coordinate a metal ion. For concave 1,10-phenanthrolines 11 and
21, transition metal complexes 87 (Structure 11) have already been generated
{18, 55]. They form readily in acetonitrile solution with binding constants of
104-107 and larger. Of great importance is the nature of the chains X in the
concave 1,10-phenanthrolines 21 (Structures 3). Pure aliphatic chains lead to
smaller association constants than polyether chains.

Structure 11

If the transition metal could exist in two different oxidation states in the
complex 87, one would have a concave redox reagent which could be useful for
instance in epoxidation reactions [56]. The concave shielding of the metal ion
should influence the regio-, stereo- and, if the concave 1,10-phenanthroline 21 is
chiral, enantioselectivity of an epoxidation.
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1 Introduction

Anions display important roles in biology. Amino acids, peptides, and nucleo-
tides are representative examples of organic anions in living organisms. Several
inorganic anions, such as nitrate, carbonate, sulfate, and chloride, are also
present in large amounts in biological systems. Despite these qualities, the
coordination chemistry of anions has only recently received attention, in sharp
contrast to the far more advanced development of the corresponding coordina-
tion chemistry of cations. Among the reasons behind this unequal treatment are
the following:

1. Anions are bulkier than cations and have larger ionic radii than cations of
the same atomic (molecular) weight and number of charges. This is why they are
also more polarizable.

2. Anions are more strongly solvated than cations of comparable size. For
example, the solvation energy for the potassium cation (ionic radius 133 pm) is
80.6 kcal/mol, whereas it is 103.8 kcal/mol for the fluoride anion (ionic radius
136 pm). This means that a severe energy penalty has to be paid to desolvate
anions prior to complexation, and therefore the stability constants of anion
complexes are comparatively smaller. Hydrogen bonds with a large number of
water molecules are the main reason for this increased solvation energy. Thus,
hydrogen bonding constitutes a very important aspect of the coordination
chemistry of anions.

3. The miscellaneous geometries of anions, ranging from spherical (C17) to
linear (N3), planar (NO3, CO%"), tetrahedral (PO3 "), or octahedral (PF¢),
contrasts with the usual spherical shape of most cations.

4. Most anions are protonable species, whose existence, within a given pH
range, is governed by the laws of acid-base equilibria.

Artificial receptors for anions should contain cationic or electron-deficient
binding sites to complement and neutralize the negative charges of these sub-
strates. Cationic centers can be included in the covalent framework of the
receptor (ammonium, guanidinium, phosphonium, etc.) and may also incorpor-
ate hydrogen bond donor groups to increase the binding strength of the complex
or to achieve a better selectivity. A second possibility is to make use of the cation
affinity of the parent ligands similar to the method of substrate binding in
metallo enzymes. In these so-called “cascade complexes™ the cationic substruc-
tures serve as anchor groups for the anionic guests, fixing it through salt bridges
in a multicomponent complex. Finally, since most anions contain lone pairs not
involved in covalent bonds, the necessary complement can be achieved by
Lewis-acid-containing receptors, just the opposite to the way metal cations are
coordinated to free electron pairs (ether, amine, carbonyl) of the receptors.

Since these concepts have been described in detail in previous volumes of this
series and in other reviews [1], only some representative examples will be briefly
presented here. We will concentrate more specifically on the binding of
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oxoanions, such as carboxylates and phosphates, since these are the most
important anionic functional groups present in organic molecules.

2 Complexation of Carboxylic Acids and Carboxylates

The first attempts to develop receptor models for guests containing carboxylate
groups concentrated on protonated macrocyclic oligoamines. These compounds
effectively bind their guests via a combination of electrostatic interactions and
hydrogen bonds. Kimura [2] and Lehn [3] independently showed that the
carboxylate affinities of oligopammonium macrocycles, like the triprotonated
form of [18]aneNg (1) and the octaprotonated form of [32]aneNg (2), are
mostly governed by electrostatic interactions, so that the binding constants
become higher as the number of protonated host nitrogen atoms increases.
Macrocycles 3a and 3b, analogous to 1 but featuring a nonpolar middle part,
were designed as “ditopic coreceptors” for the complexation of dianionic sub-
strates [4]. Pronounced chain length dependence of the binding of the dicar-
boxylate guests has been observed [5]. Similarly, the tris(diphenylmethane)
cryptand 4 binds the well fitting adipate more strongly than other «,w-dicar-
boxylates, and even more terephthalate, due to additional arene—arene interac-
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tions [6]. Comparable results where recently reported for a related water-
soluble bisnaphthalene monocycle [7].

Tetrahedral tetraazonium compounds 5a and 5b, developed by Schmidt-
chen, bind carboxylates, such as formiate, acetate, and benzoate, among a var-
iety of other anions [8]. Although these receptors do not display hydrogen bond
interactions, they are endowed with well localized polycationic centers, which
are independent on the acidity of the medium. A ditopic receptor build up of
both a 5a and a 5b subunits bridged by a p-xylylene spacer showed selectivity
towards the largest members of a series of dianionic probes [9].

A major limitation of oligoamine receptors is the requirement of strongly
acidic media to achieve their full protonation. This problem can be avoided by
the use of more basic functional groups, like guanidines (pK, 13.5). Further-
more, two well oriented hydrogen bonds can be formed between guanidinium
cations and bidentate oxoanions under neutral conditions, ensuring both strong
electrostatic interaction {(ion pairing) and structural organization (H bonds).
However, a comparative study of carboxylate and phosphate complexation by
acyclic ammonium and guanidinium receptors revealed that the later, with
a more delocalized positive charge, gave rise to weaker complexes, a fact that
points out the importance of electrostatic interactions for anion binding [10].
Some examples of guanidinium-containing macrocycles (6—8) were described by
Lehn. Comparison of binding constants of such receptors with those of acyclic
analogues showed only moderate macrocyclic effects, although some selectivity
was observed [11].

An example of the above mentioned “cascade compiexation” of carboxylates
by macrocyclic receptors containing metal ionic centers is the inclusion of
oxalate by the “dien” dicobalt complex 9 (Martell, Mitsokaitis) [12]. Similarly,
the p-cyclodextrin (-CD) 10, modified with a zinc cation bound by a triamine
side chain, encapsulates anions like 1-adamantylcarboxylate in its cavity, fixing
them by combined electrostatic and hydrophobic interactions [13]. Zinc’s
group achieved the enantioselective transport of the potassium salts of N-
protected amino acids and dipeptides by making use of the cation affinity of
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azacrown-derived lariat ethers like 11, with the chiral information coming from
p-2-phenylglycine units in the side chains [14]. A calix[4]arene modified with
two cobalticinium units at the upper rim turned out to be an adipate binder
[15].

The macrocyclic receptor models mentioned so far were designed for com-
plexation in aqueous solutions, using highly charged binding sites in preor-
ganized, sometimes rigid macrocyclic frameworks with the aim to overcome the
unfavorable strong solvation of the guests. In contrast, most of the recently
published works on this field focus on open-chain, often cleft- or tweezer-like
systems. With the prize of abandoning utmost preorganization of the binding
sites, the syntheses are in general easier and provide higher yields than the
macro(oligo)cyclic receptors, which must be quite large to encapsulate organic
substrates. The main molecular structure can also be modified easily in most
cases to be adapted to different types of substrates like amino acids or nucleo-
tides. Selectivity of molecular recognition of receptors having a rigid skeleton
derives from the correct positioning in distance and the spatial direction of the
binding functions. Other hosts, more flexible in nature, may nevertheless also
exhibit distinct discrimination properties, the driving force being strong enthal-
pic interactions of their binding functions with complementary subunits of the
guests. In these cases the substrate forces the receptor during the complexation
process to assume a favorable conformation that fits the claims of the former.

Chiral bicyclic guanidinium receptors (e.g. 12-14, S,S-configuration shown)
have been developed in our group from aminoacid precursors [16]. Improved
synthetic procedures for such compounds were later reported by Schmidtchen
[17](who in 1980 presented a first type of achiral bicycloguanidinium hosts [18]
that form complexes with several oxoanions [19]). Most derivatives are highly
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lipophilic despite their ionic structure and freely soluble in common organic
solvents but not in water. Therefore, extraction of organic oxoanions, such as
carboxylates (see below for phosphates), from water is very efficient with 12a
[20]. Additional stacking interactions with the naphthoyl substituents are
revealed by complexation-induced shifts (CIS) in NMR spectra and account for
the selectivity observed for aromatic carboxylates over aliphatic ones. No such
effects exhibited neither analogue 14, endowed with aliphatic side arms, nor
hosts 13a—c. In the latter three cases, the shorter link between the sidearms and
the core, which might inhibit favorable host-guest contacts, is thought to be the
reason. A different phenomenon was observed for the disulfide 12¢ and the
diamine 12d. Their side arms are more flexible than those of the diester 12a and
the diamide 12b since no mesomeric effects of carbonyl groups hinder the single
bond rotations. No CIS have been detected but upfield shifts of the signals of the
aliphatic triazabicyclodecane protons. Probably, intramolecular cation-m at-
traction between the naphthyl rings and the guanidinium function is stronger
than any intermolecular stacking with aromatic units of the counterions [21].
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Although the chiral centers of 12a (both the S.S and R,R enantiomers are
accessible in optically pure forms) are not very close to the chiral centers of
optically active carboxylates and the molecule is quite flexible, a moderate
L-enantioselectivity was observed for N-acetyltryptophan extraction as first
example of chiral recognition of anions [22]. The selectivity can be explained by
the simultaneous action of both naphthoyl residues around the tight and highly
structured guanidinium-carboxylate salt bridge, one interacting by stacking and
the other providing some enantio-dependent hindrance to the acetamide group
(compare formula 15). According to this explanation, higher L-selectivity has
been observed for the bulkier N-BOC-tryptophan.

With the aim of binding dicarboxylic anions, Schmidtchen and coworkers
synthesized receptor 16 by means of connecting two bicycloguanidinium build-
ing blocks with a naphthalene spacer [23]. Due to its flexible framework it binds
dianions that range in size from carbonate up to p-phenylenbis(3-acrylate) with
maximum association for malonate and 3-nitroisophthalate (K ., = 16500 M 1,
14500 M ™%, respectively, in methanol) [24].

Recently, the synthesis of a new type of guanidinium-containing hosts has
been achieved in our laboratories. The two annelated benzene rings of 17 cause
a higher rigidity of the molecular skeleton and the four NH protons are ideally
positioned for the formation of four hydrogen bonds with oxoanions. Although
the backbone lacks the chirality provided by 12-16, enantioselective complexa-
tion can be obtained by substitution of the naphthoyl groups by suitable chiral
side arms, such as N-protected amino acids [25].

The molecular clefts designed by Rebek for the complexation of a great
variety of organic molecules by hydrogen bonds and additional n-stacking
interactions are among the most prominent open-chain but rigid hosts [26]. As
representative examples, 18 and 19, which are capable of solubilizing a series of
otherwise insoluble aliphatic and aromatic dicarboxylic acids in CDCl,, should
be mentioned [27].

©
CO, HO.C COH HO,C
2 H Y 0 Q
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Moran et al. recently reported receptor 20 that contains two pyridazine-2,4-
dione units as polar anchor groups anellated to an aromatic framework [28] as
well as the xanthone compound 21 where one of the binding sites is a ben-
zoylamido group [29]. Compound 20 fits the binding pattern required for
malonic acids, whereas 21 forms complexes with aromatic carboxylic acids like
p-ethoxybenzoic acid in CDCl;.
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In the last few years, Hamilton has published reports of a series of open chain
or cyclic receptors featuring 2-acylaminopyridine units as combined H-bond
donor and acceptor groups [30]. The simple terephthaloyl derivative 22 forms
stable complexes with dicarboxylic acids of appropriate chain length, like adipic
and glutaric acid, in CDCl; [31]. Additionally, complexation influences the
s-cis:s-trans ratio of the amide bond in acylprolines [32].

With the aim of increasing the strength of the host-guest interactions, the
amidopyridyl groups of 22 have been replaced by urea, thiourea, and guanidin-
ium units [33], thus yielding receptors 23 and 24 for carboxylate anions rather
than for carboxylic acids [34]. Bis(amidopyridine) compound 25 and other
analogues of 22 with different aromatic spacers have been object of investigation
of controlled self-assembly [35] to well-ordered multicomponent complexes in
solid state. “Overlong” non-fitting diacids do not form distorted 1: 1 complexes
with their counterparts but instead two- and three-dimensional networks, in
which the two components are arranged alternately, at times linked to each
neighboring molecule by two hydrogen bonds. For example, 25 and 1,8-oc-
tanedicarboxylic (sebacic) acid or 1,12-dodeanedicarboxylic acid form ribbon
like structures in their cocrystal [36]. In other cases helical strands [37] or
figure-of-eight-like 2:2 arrays have been observed [38].

N
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Diederich and coworkers attached two 2-amidopyridine units to 9,9-
spirobifluorene, 1,1’-binaphthyl, and heptahelicene building-blocks, so to obtain
bis(bidentate) chiral molecular clefts [39, 407]. Hosts 26, 27a, 28, and 29 compiex
dicarboxylic acids ranging in size from diethylmalonic to pimelic (heptanedioic)
acid in CDCl;. Furthermore, in contrast to the more flexible binaphthyl recep-
tors 26 and 27a, the rigid helical chiral framework of 28 causes distinct enan-
tiodiscrimination in binding of N-protected aminoacids [41]. Some chiral
recognition of tartaric acid derivatives has been observed by Hamilton et al. in
independent studies with host 27b [42].
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Artificial self-replicating systems have become of increasing interest recently
[43]. Only one concept designed by von Kiedrowski will be briefly presented
here since it is based on carboxylate-amidinium recognition [44]. The formation
of a Schiff’s base bond between formylphenoxyacetate 30 and aminobenz-
amidinium compound 31 is template-catalyzed by 32 as sketched out in the
drawing. In a favorable conformation, the dimer-binding sites point in the same
direction and preorganize both reaction partners upon formation of a ternary
complex that is stabilized by two salt bridges with four hydrogen bonds.

3 Complexation of Amino Acids

Much interest in the field of molecular recognition of organic compounds has
been focused on bio-relevant species, among which amino acids are an impor-
tant class. Receptors ideally designed for selective structural and chiral recogni-
tion have to provide three different types of binding sites. The simultaneous
recognition of the positively charged ammonium group, the anionic carboxylate
function, and the side chain must be performed by a chiral three-point fixation.
The selective binding of the side chain may turn out to be the most difficult task
since many of the natural amino acids lack charged or polar functional groups
in this part, and weak hydrophobic interactions or mere steric repulsions are the
only means of discrimination. The zwitterionic nature amino acids display in
aqueous solution represents another major problem. Due to the two charges,
complexation in water is a difficult venture because strong solvation has to be
outmatched. Moreover, a reduced ability of both ionic subunits to form com-
plexes has to be taken in account owing to their mutual neighborhood [45].
This is why it is in general easier to complex either the protonated ammonium or
the deprotonated carboxylate form (not to speak of N- or C-protected deriva-
tives [46]). In a pioneering work, for example, Cram et al. reported extraction of
perchlorate salts out of water into a CD;CN/CHClI; phase by 1,1"-binaphthyl
crowns [47].

Some authors based their approach to selective binding of the more
lipophilic a-amino acids in water on hydrophobic effects using water-soluble,
cavity-containing cyclophanes for the inclusion of only the apolar “tail’ under
renouncement of any attractive interaction of the hosts with the zwitterionic
‘head’. Kaifer and coworkers made use of the strong affinity of Stoddart’s
cyclobis(paraquat-p-phenylene) tetracation 33 for electron-rich aromatic sub-
strates to achieve exclusive binding of some aromatic a-amino acids (Trp, Tyr) in
acidic aqueous solution [48]. Aoyama et al. reported on selectivitics of the
calix[4] pyrogallolarene 34 with respect to chain length and n-basicity of
aliphatic and aromatic amino acids, respectively [49]. Cyclodextrins are likewise
water-soluble and provide a lipophilic interior. Tabushi modified B-cyclodextrin
with a 1-pyrrolidinyl and a carboxyphenyl substituent to counterbalance the
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two charges of the guests and observed moderate complexation of tryptophan at
pH 8.9 by 35 (only one regioisomer shown) [50].

In analogy to the carboxylate binding by zinc-containing cyclodextrin 10
{see Sect. 2), Lewis acidic centers such as a copper(ll) histamine unit may also
serve for the chelation of the (deprotonated) 2-aminoacetate substructure of
a-amino acids [51]. Rizzarelli, Marchelli et al. used a respective f-cyclodextrin
derivative for the formation of the ternary complexes 36 and 37 with racemic
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tryptophan. For reasons of stereochemistry, only in case of the D-enantiomer the
indole ring can be engulfed by the host framework and HPLC-separation has
been achieved with an achiral reversed-phase column.

According to Aoyama, Ogoshi and coworkers, a rhodioporphyrin providing
a naphthol hydroxy group as a second docking point may be applied as ligand
for lipophilic amino acids in chloroform [52]. The guests are bound by a salt
bridge between the cation and the amino group, and additionally by a hydrogen
bond between the naphthol subunit and the acid group as depicted in formula
38

Recognition of amino acids has been attempted more frequently with recep-
tors that are likewise zwitterionic in nature {(compare 35). Some early studies
include the transport of phenylalanine by a merocyanine dye through
a liposomal bilayer [53]. Rebek’s dicarboxylate-complexing cleft 9 (see Sect. 2)
turned out to be a selective (though achiral) binder of trypthophane,
phenylalanine, and tyrosine methyl ether [54]. A reasonable structure for
a phenylalanine complex of 2: 1 stoichiometry, as deduced from NMR studies, is
schematically represented in formula 39 [55].

40 41: R=CH(CH,),
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Askew’s tri(zwitterionic) cavity compound 40 strongly encapsulates 4-
aminobutyric acid (GABA) in water but shows only little affinity towards
nonfitting shorter or larger w-amino acids [ 56]. Murakami et al. synthesized the
huge oligocyclic cage molecule 41 introducing chiral information in form of
L-valine building-blocks in the four bridges [57]. Selectively L-phenylalanine
and p-tryptophan were attracted into the hydrophobic cavity in D,O/DMSO
[58].

Following a different strategy for w-amino acid hosts, Schmidtchen linearly
coupled the binding sites for the two functional groups in receptor 42: a tet-
rahedral tetraazonium unit as docking point for the carboxylate and an aza-
crown for the ammonium group [59]. An important feature in the receptor
design is that, contrary to the zwitterionic receptors described above, both
binding sites are mutually non complementary, so auto-association that would
hinder complexation is prevented. However, 42 showed no selectivity with
respect to the chain length of the guests, and the simpler analogue 43 turned out
to be a stronger binder of w-amino acids in aqueous methanol.
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Refinement of the above strategy led our group to develop 44, a tritopic
receptor for the enantioselective recognition of aromatic a-amino acids under
neutral conditions, featuring: (a) binding sites for carboxylate and ammonium in
form of a cationic guanidinium function and a neutral crown ether, respectively,
which are non-self-complementary and prevent the receptor from internal
collapse or dimerization; (b) an aromatic planar surface (the naphthalene ring)
for an additional stacking interaction with the side chain of aromatic amino
acids; (c) a chiral structure [(S,S)-isomer shown] for enantioselective recognition
[60]. The moderate chiral recognition observed for N-substituted tryptophan
derivatives with receptor 12a (see above) dramatically increases for free amino
acids by replacing the mere steric interaction (one aromatic side chain) by
a binding attraction (the azacrown). Thus, the (S,S) enantiomer removed ca.
40% of L-Trp or L-Phe from saturated water solutions into dichloromethane in
single extraction experiments, whereas the corresponding D-enantiomers and
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aliphatic amino acids, like L-Val, were extracted much less efficiently. For
example, no extraction of p-Trp or D-Phe was observed by NMR [reciprocally,
only these isomers were extracted with the (R, R) receptor], and extraction of
racemic amino acids vielded only minor amounts of p-Trp (0.5%) and p-Phe
(2%), as determined by HPLC analysis of the corresponding diastereomeric
L-Leu dipeptide derivatives (synthesized after the extraction to obtain separ-
ation) [61]. A competitive liquid-liquid single extraction of Phe, Trp, and Val
mixtures led to a 100:97: 6 ratio (NMR). The results of the extraction of a more
complex mixture (13 amino acids) showed enhanced selectivity for Phe, al-
though some lipophilic substrates, like Leu, were extracted significantly, too [60].

I I

7 -stacking 44 NHg@-dockin 2 45

Receptor model 44 is a flexible molecule, non-macrocyclic and without much
conformational preorganization. Its selectivity has to be explained in terms of
the almost perfect three point binding to the substrate (aromatic stacking of the
amino acid side chain to the naphthoyl residue, ion bridging of the carboxylate
with the guanidinium function, and ammonium binding by the crown). Molecu-
lar mechanics and molecular dynamics (500 ps at 300 K) calculations modeled
a rather stable L-Trp complex 45 [62]. Several of the starting structures evolved
toward partial dissociation of the interacting species through the progressive
loss of two of the three attractive interactions. In some cases, however, the effect
of the remaining anchor led to the rearrangement of the sidearms and their
stable reassociation with the guest, fixing the host in a optimal conformation
(Fig. 1). No such wrapping around the L-amino acids can be achieved with the
(R,R)-enantiomer.

Analysis of the individual contributions of each building block to the
binding enthalpy in a typical minimized structure reveals that, in the absence of
solvent, almost half of the stabilization energy comes from the essential electros-
tatic interaction and hydrogen bonding of the bicyclic guanidinium with the
carboxylate group. One additional third part is provided by the ammonium-
crown interaction, and about one sixth arises from n-stacking between the
naphthoyl ester and the indole ring. Thus, loss of complementarity for one of the
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Fig. 1. Superposition of nine energy-
minimized average structures of the L-
Trp complex 45 of {5,5)-44

anchoring units (as in the p-enantiomer complex) can bring forth a substantial
decrease in the stability of the complex, accounting for the pronounced enan-
tioselectivity found experimentally. Whereas the binding of the zwitterionic part
mainly determines the overall binding strength (some 85% for 45), the third
attractive force accounts for the molecular discrimination between different
types of a-amino acids, and here is where future host generations can be tuned
for new selectivities.

4 Complexation of Nucleotides

Recognition of nucleotides at the molecular level constitutes a recently very
dynamic branch of supramolecular chemistry. Since nucleotides are built up by
three structurally different subunits, namely the inorganic anionic side chain, the
sugar, and the nucleobase, optimally designed receptors exhibiting not only
strong binding but also pronounced selectivity should contain more than just
the binding site for ionic interactions. It is decisive to distinguish the different
nucleobases, which might proceed either via n-stacking or hydrogen-bonded
base pairing. Important knowledge was gained by developing host molecules for
derivatives of the heterobases [63], and additional contributions came from
experiences made with ligands for phosphates and phosphoesters [64].
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As in Sect. 2, the early works in this field will only be briefly summarized.
Highly charged polyazoniamacro(oligo)jcycles and guanidinium crowns bind
phosphates and nucleotides via electrostatic interactions [1, 65], and polyam-
monium cations, like spermine, are generally known to associate with the
phosphate backbone of RNA and DNA strands [66].

To come to a water-soluble, ditopic receptor model, Lehn et al. attached
Ng-[24]crown-8 with an acridine-derived DNA-intercalator, so combining the
anion binding strength of the first (in protonated state) [67] with the n-stacking
capacity of the latter. Indeed, increased binding of ATP by 46 was observed as
compared with the unsubstituted azacrown [68]. Additionally, the multifunc-
tional host 46 catalyzes the hydrolysis of ATP [69] with a higher selectivity over
ADP as compared with the parent crown but with a somewhat reduced effectiv-
ity. The reaction intermediate was shown to be the N-phosphorylated crown.

oty Y

NH N
<‘NH HN) Q
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46

A different strategy for binding of nucleotides in water [70] is to apply
hydrophilic cyclophanes that provide cavities for the encapsulation of the
heteroaromatic bases of the guests. Lehn et al. synthesized the cavity containing
“bis(intercalands)” 47 and 48 as well as their open chain analogues 49 and 50
[71]. In binding studies the latter two and not the more rigid macrobicycles
yielded the best complexation. Still, neither a preference in binding of nucleo-
tides relative to their parent nucleosides was observed nor discrimination of
AMP versus the higher charged ADP and ATP.

Schneider and coworkers investigated the capability of the tetraazonia
cyclophane 51 to bind nucleosides and nucleotides in water [72]. Its two
diphenylmethane units border a lipophilic cavity for the uptake of likewise
lipophilic molecules or subunits. As evidenced by YHNMR studies of the
complexes, only in the case of the purine derived nucleosides and nucleotides (A,
G, AXP, GMP) the base moiety is included inside the host cavity but not in the
case of the pyrimidine analogues (U, C, UMP, CMP, TMP). Due to their
hydrophilic nature, the sugar and phosphate groups remain outside the niche.

One of the motive powers for the design of host molecules for nucleotides is
their potential utility in chemotherapy. A number of nucleotide analogues
exhibit antiviral activity in vitro [73]; for example, 2’ 3'-dideoxynucleosides are
potent chain-terminating inhibitors of HIV reverse transcripase [74]. However,
charged and hydrophilic as they are, they can hardly penetrate across cell
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membranes and are often inactive in vivo. Artificial lipophilic carriers capable of
enhancing the cellular uptake might be useful to augment the medical efficacy of
such agents.

Around 1980, Tabushi and coworkers used the lipophilized, DABCO-
derived diammonium salt 52 as a phase transfer reagent for the transport of
nucleotides in three-phase experiments (H,O-CHCl;~H,0) [75]. Whereas
AMP was discriminated in a high degree, for ADP and ATP the acceleration
rates were quite similar. The transport rates were significantly diminished for
uracil and guanine nucleotides because of the low solubility of the resulting
complexes.

Recently Diederich et al. tried to overcome the solubility problems by using
modifications where the linear stearyl side chains are exchanged by branched
ones [76]. Dionium salt 53 turned out to be an effective transport catalyst at
physiological pH for all investigated compounds [AMP, CTP, 2',3-dideoxy-
TTP (ddTTP), and 3'-azido-dTTP (AZTTP)] and significantly improved the
rates achieved with 52. A chloroform solution of 53 extracts half an equivalent of
ATP*~, which indicates the formation of a neutral 2: 1 complex. Analogously,
bis(DABCO) tetracation 54 binds to one ATP molecule. However, the transport
acceleration is about one order of magnitude smaller than that of 53 [77].
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In a simple design of a ditopic receptor, Sessler et al. connected aliphatic
amines as electrostatic binding sites with cytosine to obtain GM P-selectivity in
binding [78]. In DMSO as solvent, the formation of a 1:1 complex of 55 and
GMP free acid (H,GMP) has been observed. The cytosine moiety stabilizes the
complex by base pairing with the guanine ring additionally to the salt bridges
between the ionic centers of the binding partners.

Sapphyrin (Sap) 56a, a pentapyrrolic expanded porphyrin, was used by the
same group in further attempts to apply large lipophilic cations as mediators for
the carriage of anions through an organic membrane in classical U-tube experi-
ments [797]. The unsubstituted parent compound 56a needs an acidic source and
a basic receiving phase to be effective in transporting monophosphates
like AMP and GMP. This pH-dependency was strongly diminished by
modifying sapphyrin with cytosine-containing side chains as in 56b and 56¢
[80]. However, a reversed order in substrate transport has been observed
(GMP > AMP > CMP) for reason of the base pairing pattern of cytosine [81].
In further experiments, GMP transport was mediated by cooperative interac-
tion of rubyrin, a hexapyrrolic expanded porphyrin, and lipophilic cytidine
derivatives [82].
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Koga etal. complexed oxo acids like methyl phenylphosphonate with
bis(resorcinol) quinoline derivative 57 [83]. Anslyn and coworkers presented
a more rigid polyazacleft containing hydrogen bond acceptor and donor sites in
form of pyridine rings and amino groups, respectively. The formation of the 3: 1
complex 58 with dibenzyl phosphate is assumed, in which the four components
are spatially fixed by a net of H-bonds [84].

57 58

To achieve molecular recognition [85] and cleavage of phosphodiesters,
Hamilton’s group slightly altered the concept of directed hydrogen-bonding
patterns for the complexation of carboxylic acids (see Sect. 2). The host molecule
59 is rigidized by intramolecular H bonds so that four guanidinum protons are
directed to the interior of the cleft. The binding sites are not only well positioned
to strongly bind diphenyl phosphate in CD;CN [86], they may also stabilize
trigonal-bipyramidal intermediates [87] which are formed in the course of
phosphoester hydrolysis [88]. Thus, an excess of 59 in the presence of lutidine as
a general base markedly increased the rate constant of the cleavage of phos-
phoester salts in acetonitrile.

With the goal of mimicking the catalytic center of staphylococcal nuclease
(SNase), an essential feature of which are the guanidinum groups of two
arginines [89], Anslyn designed the cleft 60, as kind of hybrid of the azacleft 58
and the bis(guanidinium) compound 59 [90]. It exhibits high catalytic activity in
transesterification and cleavage of aqueous mRNA under physiological condi-
tions in the presence of an excess of imidazole as a general base. The mechanism
of the formation of the trigonal-bipyramidal intermediate [91] is believed to be
as schemed in formula 61 [92]. A future combination of the phosphate binding
functions and the general base in one molecule promises to improve the catalysis
[93].

The catalytic groups in the reactive center of ribonuclease A, a further
polynucleotide-cleaving enzyme, are an imidazole {acting as a general base) and
an imidazolinium cation (acting as a general acid). In a series of papers starting
as early as 1978, Breslow and coworkers describe the use of f-cyclodextrinyl-
bis(imidazoles) 62 as model compounds for RNase A [94]. In the course of the
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investigation it was shown that the 6A,6B-substituted isomer (the sugar rings
are lettered A to G) with two vicinal sidearms is the most active in catalyzing the
hydrolysis of the cyclic phosphate of 4-tert-butyl catechol 63 as substrate
analogue. This observation stands in contrast to the so far favored ‘in-line’
mechanism of the enzyme with the reaction partners being 180° apart as is
possible in the 6A,6C and 6A,6D regioisomers of 62 {95].

The general affinity of guanidinium cations for oxoanions and the spatial
direction of the two NH-protons makes the bicycloguanidinium core presented
in the preceding chapters also a useful building block for the design of nucleotide
receptors [96]. Besides carboxylates (see Sect. 2}, bis(naphthoyl) host 12a binds
several phophoesters in chloroform, for example, 1,1"-binaphthyl-2,2'-diyl phos-
phate; the complex of the (S)-enantiomer is shown in formula 64. Still, despite
the chiral nature of 12a, no enatioselectivity was observed [97].

Additionally, 12a showed affinities to adenosine monophosphates in
liquid-tiquid extraction experiments (D,O/CDCl;). The degrees of saturation,
however, were mainly correlated with the relative lipophilicity of the nucleo-
tides. The amounts of 3-AMP ™, 2',3'-, and 3',5-cAMP ™~ (8-fold excesses) extrac-
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ted have been determined as 0.02, 0.2, and 0.5 equivalents, respectively, and as 0,
0.1, and 0.3 equivalents, respectively, in case of the aliphatic analogue 14 (Sect. 2)
lacking aromatic side chains for stacking interactions,

In ditopic hosts 65 the two cationic substructures are linked by a naphthy-
lene diether. Schmidtchen observed the formation of 1:1 phosphoester com-
plexes in organic solution with disilylether 65a and in water with diol 65b. The
flexible skeleton enables the hosts to wrap around phosphate forming two pairs
of hydrogen bonds with perpendicular main planes as schemed in formula 66 for
the 5-TMP complex [98]. Similarly, the complexation of AMP derivatives,
NAD, and other phosphates by the related host 16 (Sect. 2) and its desilylated
modification have been reported recently [99].
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Compound 12a was modified in our laboratories by exchanging one of the
naphthoyl side chains for an uracil unit as a Hoogsteen-counterpart for the base
pairing with adenine in a first attempt to transform the guanidinium compounds
from poorly selective phosphoester-binders into nucleobase-distinguishing nu-
cleotide receptors. Yet, the reduced lipophilicity of 67 prevented its application
in extraction experiments. NMR shifts of the signals of the 3-AMP?~ complex
68 detected in DMSO-d, confirmed the intended three-point host-guest docking
(salt bridge, base paring, n-stacking). Downfield shifts of the guanidinium and
uracil NH protons indicate the hydrogen bonding, and upfield shifts of all
aromatic protons corroborate the arene—arene interactions [100].

In collaboration with the Rebek group, we designed host 69 in the search of
a lipophilic receptor model that combines high adenine selectivity with the
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67 68

phosphate binding strength of guanidinium and evades any solubility problems.
A molecular cleft built up from two Kemp’s triacid derivatives linked together
by a carbazole unit acts as nucleobase binding site. The electron-rich spacer
renders possible n-stacking interactions with the heterobases and positions the
converging imide functions in an adequate distance for simultaneous Wat-
son-Crick and Hoogsteen-base pairing [101]. Liquid—liquid single extraction
experiments, in which tenfold excessive aqueous nucleotide solutions were
extracted with CH,Cl, solutions of 69, revealed a moderate preference for
cAMP derivatives. One equivalent of both 2',3- and 3',5-cCAMP was extracted
into the organic phase, which indicates the formation of 1:1 complexes with
multiple host-guest docking as schemed in formula 70. For the cGMP analogues
the extraction rates were 0.6 and 0.34, respectively, supposedly as a consequence
of the ‘wobble’ contacts with less favorable hydrogen bonding of the guanosine
nucleous inside the bis(imide) niche. The combination of salt bridging and
nucleobase chelation as provided by receptor 69 is essential for binding strength
and selectivity. This becomes manifest in the inferior data of the bisnaphthoyl
and bispalmitoyl guanidinium hosts 12a and 14 as mentioned above and the fact
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that the molecular cleft alone, without the guanidinium module, fails to extract
significant amounts of nucleotides. Correspondingly, of all comparison host
compounds only 69 turned out to be an efficient carrier for the exclusive
transport of adenosine nucleotides through a 1,2-dichloroethane layer (U-
shaped tube; 2',3-cAMP > 3,5-cAMP > 3-AMP, no transport of 2',3’- and
3.5-cGMP) [102].

Receptor models 71a and 71b for dinucleotides (dinucleoside monophos-
phates) have been developed out of 69 by replacing the naphthoyl residue, which
is not involved in any host-guest interactions in the complexes, by a second
carbazolyl cleft. The adenine selectivity of the two ‘pincers’ was reflected in
single extraction experiments: dissolved in CH,Cl,, 71a removes one full equiv-
alent of both adenylyl(3' — 5')adenosine (ApA) and 2’-deoxyadenylyl(3’ — 5')-
2'-deoxyadenosine [d(ApA)] 72 out of aqueous solutions of guest (8-fold excess)
but only half the amount of d(ApG) [103].

Since in CDCl; the signals were broadened, NMR studies of the d(ApA)
complex 73 were run in DMSO-d, where rapid association-dissociation equilib-
ria exist. This solvent, however, weakens the hydrogen bonding interactions,
and NOE’s were observed from imide-NH to HS of the adenines but not to H2.
This corresponds with the base pairing pattern being mainly of the Hoogsteen
type. Further NOE’s indicated a adenine-sugar syn conformation of the 3'-free
nucleoside (contact between NCH,CO and H4') and an anti conformation of the
other (contact between NCH,CO and H2").
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The structure of the complex has further been optimized by energy minimiz-
ing techniques and subjected to molecular dynamics (Fig. 2) [62]. Nearly the
fourth part of the host-guest attraction comes from two strong, nearly coplanar

123



C. Secl et al.

hydrogen bonds between the guanidinium and the phosphate groups with
average O-H distances of 1.99 and 1.93 A, The n-stacking between the car-
bazole and adenine units contributes roughly 30% to the enthalpic interactions.
However, the asymmetry of d(ApA) causes slightly different arrangements of the
two sides of the complex, with the 3-end being more favorable (ratio 4:3). This
asymmetry also becomes visible in Fig. 2 where the molecular niche complexing
the 5’-end of the guest (left side) shows higher conformational fluctuations than
the other side.

Fig. 2. Best-fit superposition of nine optimized low-energy structures of the d(ApA) complex 73
taking the dinucleotide atoms as the template
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In contrast to the carbazole-purine interactions, the pincer-like hydrogen
bonding of the heterobases by the two molecular clefts is almost equaliy strong
on each side and provides further 30% of the binding energy. More precisely it
was found in all only six instead of eight possible bridges are formed at a time.
Corresponding to the NMR data, in the most stable conformations Hoog-
steen-base pairing is favored (NH-N7 distances about 2.1 and 2.3 A, NH,-OC
distances about 2.2 A each) and accompanied by a third H-bond on the Wat-
son—Crick side (NH,—OC distances about 2.2 A each, but NH-N1 distances 4.0
and 3.6 A), compare formula 74a. Full Watson—Crick pairing (formula 74b) can
only transiently be achieved at the expense of the cleavage of one of the
hydrogen bonds on the other side. The purine ring is thus flipping between two
positions with the equilibrium slightly tending to the Hoogsteen pattern. One
explanation for these circumstances is that the spatial distance of the two Kemp
units is a little to large for a concerted four-point clamping. A second influence
comes from the local charge distribution on the two stacking arenes, that is, the
mutual polarization of the n-electron clouds and the resulting dipole-induced
dipole interactions that determine the face-to-face arrangement.

74a 74b

The complex of 71a with d(ApG) has likewise been minimized since this
guest also showed affinities in extraction experiments. The overall interaction
energy was found to be about 5 kcal-M ™! (21 kJ- M ™) inferior compared to
the d(ApA) complex. The hydrogen bonded salt bridge is slightly twisted and
somewhat less stable. The guanine penetrates into one of the clefts with the
six-membered ring only. The NH, and N1-H groups act as hydrogen donors
and O6 as acceptor. This calculated binding pattern (formula 75) stands in
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contrast to that proposed for the interaction of guanosine and a related molecu-
lar niche (without guanidinium unit) [63 p].

More detailed single extraction experiments have been run with host modifi-
cation 71b. Not only dinucleotides could be transferred into the organic phase
but also a great variety of nucleotides of different chain length, e.g., d(TA};,
d(Ag), d(T3G,A ), and even a 76-bases tRNA strand. The only apparent necess-
ity for the guests to be recognized secems to be the presence of at least a few
adenines in the strand.

Some selectivity was observed in transport of dinucleotides through a di-
chloroethylene layer in U-shaped tubes. The highest acceleration rate was
determined for d{ApA), whereas d(ApT), d(TpA), and d(ApG]) (in this order)
were less efficiently carried. For all other examined passengers, even those
containing an adenine group, like d(ApC) and d(CpA), no carriage was found.

The huge, multitopic molecule 76, recently synthesized in our laboratories,
was conceived as a receptor for trinucleotides, namely ApApA. The compound
consists of three ‘adenine pincers’ connected by two guanidinium linkers. In
a 1:1 complex that is currently under investigation in a further cooperation with
the MIT group, ApApA is supposed to be bound by interplay of two electros-
tatic attraction forces, threefold arene—-arene stacking, and thirteen hydrogen
bonds in all [104].

With a non-selfcomplementary, zwitterionic host for phosphorylcholine
derivatives as the design goal, a bicycloguanidinium building block has been
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attached to a calix[6]arene unit to provide a cavity for the inclusion of the
trimethylammonium group. The concept was that in a favorable conformation
the side arm of 77 could be located above the opening so that the guest, fixed by
a salt bridge, might be attracted into the interior of the cyclophane. Pronounced
upfieid shifts of the methyl NMR signals in preliminary binding studies with
dioctanoylphosphocholine in CDCl; obviate favorable cation-n interactions
between the §*-CH; groups and the electron-rich framework. Formula 78
outlines the probable structure of the compiex [105].

5 Concluding Remarks

In 1968, only one year after the publication of the first Pedersen paper on crown
ether complexes [106], Park and Simmons marked the corner-stone of anion
complexation with the rather fortuitous discovery of halogenide inclusion by
macrobicyclic diammonium ions [107]. To label the youngest generation of
enzyme mimics and receptor models for amino acids or nucleotides as mere
anion ligands, however, would be an over simplification. Nowadays, highly
sophisticated host molecules are purposefully synthesized with future applica-
tions in mind and their binding behavior is investigated to obtain deeper
knowledge about non-covalent intermolecular interactions and to understand
better the mechanisms of molecular recognition processes. Supramolecular and
bioorgainc chemists increasingly learn how to use hydrogen bonding, hydro-
phobic effects, n-stacking, and other weak forces as tools for the design of new
and advanced compounds that are ‘not just molecules’ but ‘work’ and carry out
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tasks [108]. Nature is often a master and model that ingeniously points the way
with its amazingly complicated yet highly perfected molecular systems. The
virtuosity with which the melody of life is played in biochemical processes marks
a standard still far from being reached artificially by science. With this chapter
we intended to summarize the more recent developments in molecular recogni-
tion of some types of bio-relevant species and hope to have given the reader an
overview of the state of the art in this field.
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Artificial receptors of three different structural modes, each being capable of providing a large
hydrophobic cavity, were designed and synthesized: octopus cyclophanes having eight flexible
hydrocarbon branches, steroid cyclophanes bearing four rigid steroid moieties, and cage-type
cyclophanes composed of two macrocyclic skeletons and four chiral bridges connecting both
macrocycles. In aqueous solution these cationic cyclophanes are effective in molecular recognition
toward anionic and nonionic organic guests as artificial intracellular receptors. Hybrid assemblies
are formed by combination of the individual cyclophanes with synthetic bilayer membranes
composed of a peptide lipid that covalently involves an L-alanine residue interposed between an
anionic head group and a hvdrophobic double-chain segment. Such hybrid assemblies are
considered to be artificial cell-surface receptors and generated supramolecular effects on molecular
recognition.

1 Introduction

Biological cells are the most ingeniously designed supramolecular devices in
nature. Many metabolic processes in cells are considered to be triggered through
recognition of signal molecules by specific proteins, so-called receptors. The
receptor concept born in the early part of this century [1, 2] has become
necessary to be characterized in view of the rapid growth of molecular biology
[3]. Biological receptors are classified into two categories depending on their
location in cells: intracellular receptors in cytoplasms and cell-surface receptors
in biomembranes. Furthermore, there are at least three known classes of cell-
surface receptors — channel-linked, G-protein-linked, and catalytic ones. How-
ever, receptor functions remain to be clarified at the molecular level with
emphasis on molecular recognition and the resulting responses.

Studies on molecular recognition by artificial receptors are thus one of the
most important approaches to such characterization in relation to supramolecu-
lar chemistry [4]. Functional simulation of intracellular receptors in aqueous
media has been actively carried out with attention to various noncovalent
host—guest interactions, such as hydrophobic, electrostatic, hydrogen-bonding,
charge-transfer, and van der Waals modes [5-10]. On the other hand, molecular
recognition by artificial cell-surface receptors embedded in supramolecular
assemblies has been scarcely studied up to the present time, except for channel-
linked receptors [11-13].

We have recently developed macrocyclic compounds as artificial receptors,
each having a three-dimensionally extended hydrophobic cavity [14]. In aque-
ous media, octopus cyclophanes bearing eight hydrocarbon branches introduced
into a cyclophane skeleton provide large and flexible hydrophobic cavities
capable of exhibiting guest recognition through the induced-fit mechanism
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[15-17]. On the other hand, the hydrophobic internal cavity provided by a cage-
type cyclophane, Kyuphane, is suitable for molecular recognition through the
biomimetic lock-and-key mechanism [[18-22]. We will discuss specific molecular
recognition behavior of novel artificial receptors of three different structural
modes: octopus, steroid, and cage-type cyclophanes. First, we describe molecular
design and syntheses of these cyclophane derivatives, and their molecular
recognition ability as artificial intracellular receptors in aqueous media.

We have already reported that synthetic peptide lipids, having a-amino acid
residue(s) interposed between a polar head moiety and a hydrophobic double-
chain segment, can be used as models for functional simulation of biomembranes
[23]. On this ground, we are to clarify molecular recognition specificity by
supramolecular assemblies formed in combination of the macrocyclic receptors
with the peptide lipid as artificial cell-surface receptors.

2 Design and Syntheses of Supramolecular Elements

Steroid hormones are bound reversibly to specific receptor proteins, typical
intracellular receptors in cytoplasms and nuclei. The binding of hormone
activates the receptor, enabling it to bind with high affinity to specific DNA
sequences that act as transcriptional enhancers. On the other hand, receptor
proteins placed in cell surfaces bind various signal molecules, such as neuro-
transmitters, protein hormones, and growth factors, with high affinity and
convert these extracellular events into intracellular signals that alter the
behavior of the target cell [3]. Thus, recognition of signal molecules by receptors
s a common and basic phenomenon in the cell signaling. We designed
macrocyclic hosts which are capable of simulating guest-binding behavior not

Fig. 1. Schematic representation of molecular
recognition by an artificial receptor embedded
in a bilayer membrane
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only of artificial intracellular receptors but also of cell-surface ones (Fig. 1). In
addition, design and syntheses of peptide lipids, which are capable of forming
hybrid assemblies with these artificial receptors, are to be mentioned briefly.

2.1 Artificial Receptors

The overall guest-binding ability of a host molecule in aqueous media is highly
dependent on the hydrophobic character of its cavity, and is enhanced as the
hydrophobicity increases since noncovalent host—guest interactions become
more effective in well-desolvated and hydrophobic microenvironments. Al-
though moderate guest recognition has been performed by various cyclophanes
composed of a single macrocyclic skeleton, more efficient molecular recognition
can be achieved by modified cyclophane hosts capable of providing a three-
dimensionally extended internal cavity [14]. Moreover, it is required that these
hosts are sufficiently hydrophobic so as to form hybrid assemblies with bilayer-
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forming lipids. On these grounds, we performed three-types of modifications on
tetraaza[3.3.3.3]paracyclophane (1) and tetraaza[6.1.6.1 ]paracyclophane (2), as
schematically shown in Fig. 2: type A, azacyclophanes having eight flexible
hydrocarbon chains (octopus cyclophanes); type B, azacyclophanes bearing four
rigid steroid moieties (steroid cyclophanes); type C, linked azacyclophanes in
which two azacyclophane skeletons are connected with four chiral and hydro-
phobic bridging components (cage-type cyclophanes).

2.1.1 Octopus Cyclophanes

Both of the tetraaza[3.3.3.3]paracyclophane (1) and tetraaza[n.1.n.1]paracyclo-
phane (n =6,7,8; cf. 2) rings have frequently been used as fundamental
molecular skeletons for preparation of functionalized macrocyclic hosts
[24-36]. Formation of three-dimensionally extended hydrophobic cavities was
approached by introducing multiple hydrocarbon branches into the macrocyclic
skeletons. Multiple hydrophobic chains thus placed in a macrocycle must be
extended in the same direction and undergo mutual association to attain their
optimal hydrophobic interactions in aqueous media due to thermodynamic
reasons, while in nonaqueous media they presumably assume a free and
separated configuration to minimize their mutual steric interactions. Con-
sequently, such hydrophobic branches may provide a large hydrophobic cavity
in aqueous media.

First, we prepared so-called octopus-like cyclophanes having four alkyl
branches introduced into the tetraaza[3.3.3.3]paracyclophane ring [25, 26].
These cyclophanes can incorporate hydrophobic guests in aqueous media,
exhibiting the induced-fit binding behavior. In order to enhance the guest-
binding ability, we have prepared real octopus cyclophanes having eight
hydrophobic chains [15, 16]. These octopus cyclophanes covalently involve L-
lysine residues as connector units interposed between a rigid
tetraaza[3.3.3.3]paracyclophane skeleton and four double-chain hydrocarbon
segments. Recently, we designed and synthesized novel octopus cyclophanes
composed of a macrocyclic tetraaza[3.3.3.3]- or a tetraaza[6.1.6.1paracyclo-
phane ring, four double alkyl-chains, and L-aspartate residues interposed
between them (3 and 4) [17, 37]. The space-filling models of these octopus
cyclophanes, as generated by the BIOGRAF software, strongly suggest that each
host molecule incorporates hydrophobic guests of various bulkiness into its
hydrophobic cavity that is well shielded from the bulk aqueous phase (Fig. 3A).

2.1.2 Steroid Cyclophanes

Steroids of biological importance, such as sex hormones and adrenal cortical
hormones, cardiac glycosides, and bile salts, are widely distributed in living cells.
Among these steroids, the bile salts act as hosts which play crucial roles in
digestion of fats and in pathogenesis of cholesterol gallstones. Such physiological
activity originates from their ability to form micelles and small molecular
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Fig. 3A-C. Space-filling mo-
dels of artificial receptors,
each being capable of provid-
ing a large hydrophobic cav-
ity: A octopus cyclophane 4 B
steroid cyclophane 6; C cage-
type ¢yclophane 8
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aggregates which can solubilize hydrophobic species, such as fatty acids,
monoglycerides, phospholipids, and cholesterol. We have designed cyclophane
derivatives bearing four cholate moieties (5 and 6), so-called steroid cyclophanes,
which can be regarded as functional models for the bile salt micelle [37-397]. The
computer-aided molecular model study reveals that each of the steroid cyclo-
phanes is able to incorporate a hydrophobic guest molecule into its three-
dimensionally extended inner cavity created by the four steroid moieties and the
macrocyclic skeleton in a manner similar to that performed by the octopus
cyclophanes (Fig. 3B). It needs to be noted, however, that the specific structural
rigidity of the steroid moiety in the former host, as compared with the flexible
nature of the hydrocarbon chain in the latter, may be reflected in the character-
istics of molecular recognition ability.

2.1.3 Cage-Type Cyclophanes

In order to construct a hydrophobic three-dimensional cavity that is in-
tramolecularly limited in space, we have prepared cage-type cyclophanes by
linking macrocyclic rings. First we prepared a macropotycyclic host, which is
constructed with two rigid macrocyclic skeletons of different size,
tetraaza[3.3.3.3]paracyclophane as the larger one and tetraazacyclotetradecane
as the smaller one, and four flexible hydrocarbon chains that connect the two
macrocycles [40]. The flexibility of four hydrocarbon chains connecting the two
macrocycles allows the induced-fit host-guest interaction in aqueous media.

We have also prepared a cage-type macrocycle, so-called ‘Kyuphane’, which
provides a relatively rigid and large hydrophobic cavity surrounded by six faces,
each consisting of a tetraaza[3.3.3.3]paracyclophane ring [18-22]. A large
internal cavity of Kyuphane was confirmed to be suitable for molecular
recognition through the biomimetic lock-and-key mechanism.

Meanwhile, binding sites of naturally occurring receptors are constructed
with various optically active amino acid residues so that those host molecules
demonstrate outstanding chiral recognition toward external substances. Under
such circumstances, the next strategy is to get further insights into the chirality-
based molecular recognition behavior of cage-type cyclophanes toward various
guests. We designed a novel cage-type peptide cyclophane bearing chiral binding
sites provided by L-valine residues (7) [41-47]. The present host molecule is
constructed with two rigid macrocyclic skeletons, tetraaza[6.1.6.1]paracyclo-
phane as the larger ring and tetraaza[3.3.3.3]paracyclophane as the smaller one,
and four bridging components that connect these macrocycles. Each of the
bridging components is composed of a pyridine-3,5-dicarbonyl moiety and a L-
valine residue. Host 7 was synthesized by condensation of N,N',N”,N"-
tetrakis(S-carboxynicotinoyl)-2,11,20,29-tetraaza[ 3.3.3.3Jparacyclophane with a
peptide cyclophane bearing four vr-valine moieties, NN’ .N”,N "-tetrakis(2-
aminoisovaleryl)-1,6,20,25-tetraaza[6.1.6.1]paracyclophane, in the presence of
diethyl cyanophosphonate (DECP) under high dilution conditions at 0 °C. The
product is soluble in acidic aqueous media and behaves as a polycationic host. In
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R = CH(CHg)2 R = CH{CHg)s

7 8

order to obtain water-soluble hosts in aqueous media over a wide pH range,
cage-type peptide cyclophane 8 was derived from 7 by quaternization with
methyl iodide, followed by replacement of the counterion iodide with chloride
[42, 441

Lowest energy conformations of hosts 7 and 8 in the gas phase were searched
by means of molecular mechanics and dynamics calculations (BIOGRAF,
Dreiding-I and Dreiding-II [48]). The result reveals that host 8 provides a
globular hydrophobic cavity with a maximum inner diameter of ca. 1.0 nm
(Fig. 3C). In addition, the four pyridinium moieties bound to the chiral valine
residues in the bridging components approach close to each other and are
twisted in the same direction. Such a helical conformation for 8 seems to
originate from the chiral nature of the valine residue in the bridging segments. A
similar asymmetric character of the internal cavity of host 7 was also confirmed
by the identical computational method.

2.2 Bilayer-Forming Lipids

It has been proposed that a biomembrane assumes a tripartite structure: a
hydrophobic domain composed of aliphatic double-chains, a polar domain
composed of hydrophilic head groups, and a hydrogen-belt domain interlaid
between these two [49]. Recently, we have developed synthetic lipids forming
bilayer membranes with significant morphological stability, so-called synthetic
peptide lipids, on the basis of the tripartite concept [23]. Lipids 9 and 10 are the
typical anionic and cationic peptide lipids, respectively. The a-carboxylato and
a-amino groups of an L-alanine residue are connected with a hydrophobic
double-chain segment by a tertiary amide linkage and with a connector unit to a
polar head moiety by a secondary amide linkage, respectively. Thus, the
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morphological stability comes from the formation of efficient hydrogen-beit
domains through intramembrane hydrogen-bonding interactions among amino
acid residues. Characteristic morphological features for the peptide lipids and
their aggregation behavior have been described elsewhere [23].

CHg

/(CH2)150H3
R(CH2)5—(|?I:NH—CH—C-—N\
{CHp)15CH3
9 R:(SO3~)

10 : R=(CHa)aN"

3 Molecular Recognition Behavior of Artificial Receptors
in Aqueous Solution

3.1 Guest Binding Ability

Binding constants (K) for the 1:1 host-guest complexes of artificial receptors
with a hydrophobic and anionic guest, ANS (11), were evaluated in aqueous
media by fluorescence spectroscopy as listed in Table 1 [17, 37, 39, 47]. The K
values for the octopus, the steroid, and the cage-type cyclophanes are much
greater than the corresponding values for simple macrocycles: 5.5 x 102 for the
N,N',N",N"'-tetramethyl derivative of 1 at pH 2 [50], and 6.6 x 10° dm? mol !
for 2 at pH 1.95 [51]. The ANS molecule is incorporated into the three-
dimensional inner cavity provided by each host molecule, as confirmed by
'"H NMR spectroscopy. Large K values were also observed for these receptors
with another anionic guest, TNS (12), and various nonionic ones. On the other
hand, these hosts exhibit no capacity of binding cationic guest molecules. Thus, it
becomes common to see that potent molecular discrimination by the three-
dimensionally extended hydrophobic cavity is performed on the basis of the
electrostatic interaction in aqueous media, even though the hydrophobic effect is
crucial for guest-binding.

Unique inclusion behavior in reflection of the induced-fit binding mechanism
is observed when an organic stock solution of octopus cyclophane 3 is injected
into an aqueous medium containing ANS for the host—guest complexation study
[17]. A circular dichroism (CD) spectrum does not undergo any change for 3
upon complexation with ANS, indicating that the conformation around L-
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Table 1. Binding constants (K} for host—guest complexes of artificial
receptors with 11, and microenvironmental polarity parameters (E})
and steady-state fluorescence polarization values (P) for the guest
bound to hosts in aqueous solution at 30.0°C?

Receptor K/dm?®mol ! EY P

3 5.3x10° 0.57 0.33
4 15 % 10° 0.58 0.29
5 3.3x10° 0.41 0.14
6 t.1x10% 0.64 0.07
7 2.8 x10* 0.23 0.40

2 In phosphate buffer {10 mmoldm ™%} at pH 8.0 for 3. 4, and 5; in
acetate buffer {10 mmoldm ™%} at pH 50 and 4.1 for 6 and 7,
respectively (Cited from [17, 37, 39, 47])

aspartate residues of 3 is fixed regardless of the complexation mode. On the other
hand, the fluorescence intensity originated from ANS shows a biphasic time
course upon addition of an organic solution of 3 to an aqueous buffer solution of
ANS. The fluorescence maximum also undergoes a time-dependent biphasic
blue shift. Such behavior is consistent with fast incorporation of the guest
molecule into the hydrophobic host cavity followed by slow and long-range
conformational change of the host, as induced by the incorporated guest. At the
final stage of this binding process, a highly desolvated microenvironment is
apparentily provided by the host cavity so that the tight host—guest interaction
becomes effective. This complexation behavior is also clearly reflected in the
steady-state fluorescence polarization parameter (P). Thus, the biphasic
host—guest interaction characteristic of host 3 is derived from rigid conforma-
tions of the macrocyclic skeleton and the L-aspartate moiety, presumably caused
by intramolecular hydrogen bonding that is pronounced most in organic
solvents. Such a hydrogen bonding interaction must be retained even after an
organic stock soluton is injected into an aqueous buffer. On the other hand, the
biphasic behavior is not observed for host-guest complexation of octopus
cyclophane 4 with ANS, suggesting that the tetraaza[6.1.6.1]paracyclophane
skeleton is more flexible than the tetraaza[3.3.3.3]paracyclophane ring.

The cage-type peptide cyclophanes (7 and 8) exhibit discrimination toward
steroid hormones, as effected by hydrophobic and n-w interactions. In addition,
the chirality-based discrimination between o- and f-estradiol as well as between
p- and L-amino acids bearing an aromatic moiety is performed on the basis of
their capacity of forming efficient hydrogen bonding with the host molecules in
aqueous media [41, 43].

3.2 Microenvironments in Large Hydrophobic Cavities

The microscopic polarity [52] experienced by ANS at the binding site provided
by each host was evaluated from the fluorescence maximum observed for the
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guest. As listed in Tabie 1, the steroid cyclophane is able to incorporate one ANS
molecule into its three-dimensionally extended hydrophobic cavity created by
the four steroid moieties and the macrocyclic skeleton in a manner as performed
by the octopus cyclophanes. It is noteworthy, however, that the specific
structural rigidity of the steroid moieties is reflected in the P value of the guest;
the P values in the cavities of 5 and 6 are smaller than those in cavities of the
octopus cyclophanes (Table 1). The rotational correlation times (f) were evalu-
ated from the observed P values and fluorescence lifetimes on the basis of the
Perrin’s equation [53]: 6 = 23.0, 244, 5.7, and 2.3 ns for 3,4, 5, and 6, respec-
tively, at 30.0°C. This means the flexible hydrocarbon chains of the octopus
cyclophane are capable of grasping the guest more tightly than the rigid
hydrophobic moieties of the steroid cyclophane. It must be noted that the guest-
binding site of cage-type cyclophane 7 is much more desolvated and rigid than
those of the octopus and steroid cyclophanes in the light of the corresponding
microenvironmental parameters.

4 Constitution of Supramolecular Assemblies

A biomembrane is an excellent example of supramolecular assemblies, in which
various functional molecules are structurally organized for molecular recogni-
tion. In order to develop artificial supramolecular systems capable of mimicking
biomembrane functions, it seems important to investigate molecular recognition
by macrocyclic hosts embedded in synthetic bilayer membranes.

We have previously clarified that ionic peptide lipids generally undergo
aggregation in aqueous media to give bilayer aggregates of multiwalled vesicles
and/or lamellae in the dispersion state and single-walled vesicles or small
particles upon sonication of the dispersion samples [ 54-57]. The physical shapes
and aggregation modes of these aggregates are nearly identical with those of
vesicles formed with naturally occurring phospholipids having aliphatic double-
chains of comparable size. However, the single-walled vesicles formed with the
present lipids are morphologically much more stable than those with the latter
and stay in solution over a prolonged period of time without meaningful
morphological changes.

We employed here an anionic peptide lipid (9) to form hybrid assemblies with
artificial receptors; the octopus, the steroid, and the cage-type peptide cyclo-
phanes. Amphiphile 9 affords multilayered aggregates, bent lamellac and
vesicles, when dispersed in aqueous media as confirmed by negative staining
electron microscopy [57]. Sonication of an aqueous dispersion sample of 9 with
a probe-type sonicator gives a clear solution, and its electron micrograph shows
the presence of small particles in the diameter range 2050 nm for which internal
aqueous compartments are not identified clearly. A similar aggregate morphol-
ogy was also confirmed for a cationic peptide lipid (10) in the aqueous dispersion
state and in its sonicated solution [56].
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We then investigated the formation of hybrid molecular assemblies in
combinations of anionic peptide lipid 9 with cage-type hosts 7 and 8 after a
previous method [44]. Lamella-type aggregates are observed for a mixture of
host 7 and lipid 9 at a 1:20 molar ratio in the dispersion state by negative
staining electron microscopy. Phase transition parameters (temperature at peak
maximum, T,; enthalpy change, 4H; entropy change, AS; haif-width of an
endothermic peak, A7,,,) and hydrodynamic diameters (d,) for the bilayer
aggregates in the presence and absence of the macrocycles were evaluated by
means of ultrasensitive differential scanning calorimetry (DSC) and dynamic
light-scattering (DLS) measurements, respectively. The DSC thermograms for
aqueous dispersion samples of lipid 9 in the presence and absence of the cage-
type peptide cyclophanes are shown in Fig. 4, and the phase transition para-
meters are listed together with the d,, values in Table 2. The T, and the dy,, values
for the dispersion sampies do not undergo significant change even in the presence
of the cyclophane host. However, other phase-transition parameters (AH, AS,
and AT, ,) are subjected to changes, reflecting formation of the hybrid assemblies:
4-18% decrease in AH, 5-18% decrease in 48, 110-120% increase in AT ;.

Hybrid molecular assemblies, each composed of the cage-type peptide
cyclophane and lipid 9, are subjected to significant changes as regards aggregate
morphology upon sonication with a probe-type sonicator at 30 W power for
15 min. The endothermic peak is broadened and somewhat shifted to a lower
tempeature range and the d,, value for the sonicated solution is decreased,
suggesting that multi-walled aggregates are transformed into smaller vesicles. In
addition, the electron micrographs show the presence of small particles with a
diameter of ca. 100 nm. Incorporation of cage-type hosts 7 and 8 into the bilayer
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Fig. 4. DSC thermograms for aqueous dispersions of peptide lipid 9 (1.0x 10~ *mol dm™?) in
aqueous phosphate buffer (10 mmol dm™3) at pH 7.0: A in the absence of cyclophane; B in the
presence of cage-type cyclophane 7(5.0 x 107 ° mol dm ™ 3, C in the presence of cage-type cyclophane
8 (50x 1073 moldm™?)
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Table 2. Phase transition parameters for aggregates in the dispersion state®

Aggregate® 7./°C AH/KImol™'  45/JK ™ 'mol™' 4T,/ C dy,*/nm
9 237 319 108 0.80 290
7+9 239 305 103 1.65 290
8+9 244 26.3 88 1.75 280

* In phosphate buffer (10 mmol dm™3) at pH 7.0
® Concentrations in mol dm ™ lipid, 1.0 x 1073, receptors, 2.0 x 10~°
¢ At 30.0°C (Cited from [44])

vesicle was more directly characterized by gel-filtration chromatography on a
column of Sephadex G-50 with aqueous phosphate buffer as eluent at 30.0 °C;
both hosts were eluted together with vesicles at the void volume of the column
(Fig. 5). The amount of the incorporated host in the vesicle was determined by
electronic spectroscopy. The result reveals that both of the nonionic 7, having
only a very limited solubility in water, and the water soluble cationic 8 are fully
incorporated into the bilayer vesicle. Moreover, similar gel-filtration chromato-
grams were obtained for both hosts at 10 °C. This indicates that hosts 7 and 8
remain in the interior vesicle in the gel state and never diffuse out from it.
Therefore, the favorable formation of such hybrid assemblies is attributed not
only to the hydrophobicity of the host molecules but also to an efficient
electrostatic interaction between the cationic host and the anionic polar head
group of amphiphile 9 in the aggregated state.

Both 7 and 8 were observed to show an intense absorption band: 4., at
209 nm (¢ = 24x10*dm3mol " 'ecm™') for 7 and A, at 229nm (¢ = 2.7
% 10* dm® mol ™' cm™?) for 8 in aqueous media, respectively. These strong
absorption bands seem to originate from an electric transition along the long
molecular axis of the bridging segment involving a pyridyl or pyridinium moiety,
since the transition energy is appreciably sensitive to the solvent nature: the 4,
value for 7 ranges from 209 nm in water to 253 nm in dioxane, whereas the 1,,,,
value for 8 ranges from 229 nm in water to 247 nm in dioxane. The micro-
environmental polarities experienced by 7 and 8 in the bilayer vesicle, which is in
both gel and liquid crystalline states, are evaluated on the basis of a correlation
between A,,, and solvent polarity parameter. The microenvironmental polarities
around the hosts in the liquid-crystalline bilayer vesicle are equivalent to those
provided by formamide [EY, 0.799] and p-cresol [EY, 0.929] for 7 and 8,
respectively. The EY values for the hosts in the gel-state vesicle are somewhat
larger [EY = 0.88 and 0.96 for 7 and 8, respectively]. In any cases, 7 and 8 are
considered to be placed in a relatively polar domain close to the vesicular surface
so that some of the molecular holes of these hosts are exposed to the bulk
aqueous phase and are ready to incorporate guest molecules into their internal
cavities.

Formation of the hybrid assemblies of peptide lipid 9 with the octopus
cyclophanes (3 and 4) and the steroid cyclophanes (5 and 6) was also character-
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Fig. 5A-C. Gel-filtration chromatograms on a column (column size, 10 mm (I1.D.) x 200 mm; flow
rate, 2.0 cm® min ') of Sephadex G-50 with aqueous phosphate buffer (10 mmol dm~*}at pH 7.0 as
eluent: A cage-type cyclophane 8 alone (1.0 x 10”7 mol); B hybrid assembly formed with 7 (1.0
X IO’Z mol) and 9 (2.0 x 10~° mol); C hybrid assembly formed with 8 (1.0 x 10”7 mol) and 9 (2.0
x 107° mol)

ized by means of ultrasensitive DSC and DLS measurements. On addition of
each host to an aqueous dispersion of 9 in a molar ratio of 1:40, there was
observed little change in the T, value in a manner analogous to those for the
hybrid assemblies of lipid 9 with the cage-type cyclophanes (7 and 8). On the
other hand, phase-transition and hydrodynamic parameters undergo some
changes; 3-23% decrease in AH, 4-23% decrease in AS, 18-33% increase in
AT, and 21-26% decrease in d,,, reflecting formation of the hybrid assemblies
[37]. When a steroid derivative, the monomeric analogue of 5 with respect to the
steroid fragment, is added to the aqueous dispersion of 9 in a 1:10 molar ratio,
the phase transition parameters and the d,, value are affected to much lesser
extents, reflecting its weaker perturbation effect on the bilayer membrane
structure.

5 Supramolecular Effects in Molecular Recognition
by Hybrid Assemblies

5.1 Octopus and Steroid Cyclophanes Embedded
in Synthetic Bilayer Membranes

ANS (11) and TNS (12) are well known fluorescent probes whose emission is
extremely sensitive to changes in the environmental properties around the
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molecules [58, 59]. Thus, these fluorescent probes were employed to evaluate
molecular recognition behavior of hybrid assemblies formed with the macrocy-
clic hosts (3, 4, 5, and 6) and the peptide lipid [37, 39]. Figure 6A shows
fluorescence spectra of ANS in an aqueous solution of 9 with and without steroid
cyclophane 5. The solution was sonicated with a probe-type sonicator at 30 W
power for 1 min to obtain the bilayer vesicle. While the anionic ANS alone
interacts weakly with the anionic lipid aggregate, the hybrid assembly formed
with § and 9 strongly incorporates ANS into its hydrophobic domain. Such a
drastic microenvironmental change is evidently experienced by the guest on the
basis of the experimental facts; an increase in the fluorescence intensity and a
blue-shift of the fluorescence maximum. An analogous spectral change is
observed for an aqueous dispersion of the hybrid assembly, aithough the
background intensity is raised owing to light scattering from the aggregates.
Another guest TNS is also effectively bound to the identical hybrid assembly, as
shown in Fig. 6B.

Each of the hybrid systems, composed of steroid cyclophane 6 and octopus
cyclophanes 3 and 4 in combination with lipid 9, also exhibits effective guest-
binding in comparison with the cyclophane-free system as reflected in the
fluorescence features of ANS and TNS, which are similar to those shown in
Fig. 6. On the other hand, the hybrid assembly formed with a steroid derivative,
the monomeric analogue of § with respect to the steroid fragment, and lipid 9in a
molar ratio of 1:10 does not enhance the fluorescence intensities of the guests to
any significant extent.

The results may provide a guidepost for designing hybrid assemblies which
are capable of performing effective binding of anionic and hydrophobic guests
that are not incorporated into the anionic bilayer membrane itself; macrocyclic

Relative fluorescence intensity
N
T T

mem— o

450 500 550 600 400 450 500 550
Wavelength / nm

o

Fig. 6A,B. Fluorescence spectra: A 11 in a sonicated solution of 9;B 12 in an aqueous dispersion of
9, with {a) and without (b) 5 in aqueous phosphate buffer (10 mmol dm %) at pHB8.0 and 20.0 °C.
Concentrations in moldm ™>: guests, 1.0x 107%,9, 4.0 x 10745, 1.0 x 10~ 5. The dotted lines refer to
background spectra originating from 9 alone (Taken from [37])
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hosts with polycationic charges provide effective binding sites in the anionic
bilayer membrane. Unfortunately, the guest-binding constants were not ob-
tained because the light-scattering phenomena caused by these aggregates
interfered with the exact evaluation of the fluorescence intensities of the guests.

The microenvironmental polarity parameters for ANS and TNS bound to
various hosts are listed in Table 3. These values are independent of temperature
over a range of 10-40 °C. In the absence of any macrocyclic hosts, ANS is bound
to the membrane in its surface domain while TNS to the hydrogen-belt domain
[60, 61] interposed between the polar surface region and the hydrophobic
domain composed of double-chain segments in the light of the EY values; the
microenvironments for the former and the latter are close to that provided by
water (E} = 1.000) and equivalent to that in ethanol (E} = 0.654), respectively.
Such a difference in microenvironmental polarity presumably comes from the
difference in molecular shape; TNS is more slender than ANS.

The steroid cyclophanes provide less polar microenvironments for ANS and
TNS by forming the hybrid assemblies with the peptide lipid. To our surprise, the
microenvironment around the ANS molecule incorporated into the hybrid
assembly formed with lipid 9 and steroid cyclophane 5 is equivalent to that
provided by hexane (EY = 0.009). In contrast, the microscopic polarity experi-
enced by TNS in the identical hybrid assembly is as polar as 1-pentanol (EY

= 0.568). On the other hand, the hybrid assembly formed with lipid 9 and
steroid cyclophane 6 binds the TNS molecule in a less polar microenvironment
than ANS. Meanwhile, both of the octopus cyclophanes and their hybrid
assemblies formed with the peptide lipid incorporate both guest molecules into
the comparable binding sites with respect to the microenvironmental polarity.

In order to evaluate microscopic viscosity around the guest incorporated
into the hybrid assemblies, the steady-state fluorescence polarization measure-
ments were performed for ANS and TNS (Table 3). The P value for ANS

Table 3. Microenvironmental polarity parameters (E}) and steady-
state fluorescence polarization vatues (P) for guests bound to hybrid
assemblies formed with artificial receptors and peptide lipid in aqueous
solution at 30.0°C*

Hybrid® 11 12

EY P EY P
9 0.90 0.16 0.66 0.24
3+9 0.57 0.28 0.63 0.30
4+9 0.57 030 0.58 0.29
5+9 0.01 033 0.58 033
6+9 0.59 033 024 035

* In phosphate buffer (10 mmol dm™?) at pH 8.0 for 3, 4, and 5; in
acetate buffer (10 mmol dm™?%) at pH 5.0 for 6

b Concentrations in mol dm™3; lipid, 4.0 x 10™% receptors, 1.0x 107%;
guests, 1.0 x 107¢ (Cited from [37. 39])
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incorporated into steroid cyclophane § in aqueous solution remains nearly
constant at 0.14 in over a range of 10-40°C. In the case of the corresponding
hybrid assembly formed with the peptide lipid, however, the P value decreases
significantly as temperature is raised along with a slight inflection in the phase
transition temperature range. Hence, the ANS molecule is obviously incorpor-
ated into the hydrophobic domain of the aggregate and its molecular motion is
subjected to change by the phase transition. The P value for ANS bound to
octopus cyclophane 4 in aqueous solution decreases monotonously as temper-
ature is raised. Although the P vs temperature correlation line for the hybrid
system composed of 4 and 9 is not much separated from that for 4 alone in
aqueous solution, the P value for the hybrid assembly is subjected to change by
temperature in a biphasic manner, exhibiting a slight inflection in the T, range.
It must be noted that similar correlations between temperature and P were
observed for TNS with and without the bilayer membrane.

Since the P value is subject to change by the fluorescence lifetime (t) and the
rotational correlation time (6), these values for ANS bound to the hosts were
evaluated in the presence of the bilayer membrane. All the t values for ANS
bound to the hosts are large (t = 10-15 ns) relative to that in water (t = 0.55 ns).
This means that the guest molecules are placed in hydrophobic microenviron-
ments well separated from the bulk aqueous phase. It is noteworthy that the 6
values for ANS in the hybrid assemblies with the steroid cyclophanes are much
larger than those in the hybrid assemblies formed with the octopus cyclophanes.
In the liquid-crystalline membrane at 30.0 °C, the @ values are 17.8, 23.0, 40.5,
and 39.9 ns for the hybrid assemblies of 9 with 3, 4, 5, and 6, respectively.
Moreover, the 8 values for ANS increase significantly in the gel-state membrane:
6 = 31.6 and 66.7 ns at 20.0°C for octopus host 3 and steroid host 5, respectively.
The 6 values for ANS bound to liposomal membranes formed with lecithin and
those bound to various proteins are in ranges 3-6 and 9-63 ns, respectively [58].
Hence, the § value for ANS incorporated into the hybrid assembly in the gel
state, which is formed with cyclophane 5 and lipid 9, seems to be the largest one
for ANS so far observed. It must be pointed out that such remarkabie restriction
of the molecular motion is performed by a combination of the steroid cyclo-
phane, which is incapable of performing tight guest binding by itself, with the
anionic peptide lipid, which cannot bind an anionic guest effectively in its
aggregated state. In contrast, the molecular motion of ANS bound to the
octopus cyclophanes is not subjected to significant change in their hybrid
assemblies formed with the peptide lipid.

On the above ground, guest binding modes of the present hybrid assemblies
are classified into two types as schematically shown in Fig. 7; a guest molecule is
included in the proximity of the hydrogen-belt domain of the bilayer membrane
on the one hand, and is bound to the hydrophobic region composed of the
hydrocarbon double chains on the other. The hybrid assemblies formed with the
octopus cyclophane and the peptide lipid exercise the former binding mode
toward both ANS and TNS (Fig. 7A). Even though the macrocyclic skeletons of
octopus cyclophanes 3 and 4 are different from each other, such structural
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Polar domain

Hydrogen-belt
domain

Hydrophobic
domain

A B C

Fig. 7A-C. Schematic representations for guest-binding modes of hybrid assemblies formed with
peptide lipid 9 and octopus (3 and 4) and steroid (5 and 6) cyclophanes: a guest molecule is located in
the hydrogen-belt domain (A for 11 and 12 each bound to 3 and 4; B for 11 and 12 bound to 6 and 5,
respectively); a guest molecule is located in the hydrophobic domain (C for 11 and 12 bound to 5 and
6, respectively)

difference scarcely affects the guest-binding behavior. On the other hand, the
hybrid assemblies formed with the steroid cyclophanes and the peptide lipid
exercise the former and the latter binding modes toward TNS and ANS,
depending on the structural characteristics of the host molecules (Fig. 7B, 7C).
Such site-directed binding of anionic guest molecules to the host cavity
embedded in the bilayer membrane cannot be performed by the hybrid
assemblies formed with cationic lipid 10 and the present cationic cyclophane
hosts.

5.2 Cage-Type Cyclophanes Embedded in Synthetic Bilayer Membranes

A CD spectroscopic study gave us important information as regards the chiral
properties of the cage-type cyclophane cavities [41, 43-45]. Cage-type host 8
shows a CD band at 242 nm with a molecular ellipticity ([6], degem? dmol ™) of
+1.0x 10% in aqueous HEPES buffer at 30.0 °C, while a peptide cyclophane
bearing L-valine residues, one of the precursors of host 7, and a bridging
component analogue of 8 do not show any detectable CD bands over a relatively
wide wavelength range. These results suggest that the four pyridinium moieties
bound to the chiral L-valine residues in the bridging segments of 8 approach close
to each other and are twisted in the same direction. Such a helical conformation
for 8 seems to be caused by the chiral nature of the optically active valine residues
in the bridging segments in the light of minimum energy conformation for the
host in the gas phase, as obtained on the basis of molecular mechanics and
dynamics calculations.

Furthermore, a cage-type peptide cyclophane bearing p-valine residues in
place of L-valine moieties shows a CD band at 244 nm with [0] of —1.1x 10% in
HEPES buffer at 30.0 °C. It becomes apparent that the four pyridinium moieties
bound to the chiral p-valine residues are similarly twisted in the same direction,
but the twisted direction of bridging components in the host is opposite to that
evaluated for the host bearing L-valine residues. A similar asymmetric character
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of the internal cavities provided by the nonionic cage-type cyclophanes bearing
L- and p-valine residues was also evidenced by the identical methods.

The CD band intensity originated from the host (8) is enhanced in the
bilayer vesicle ([#] + 1.5 x 10° deg cm? dmol ™, at 247 nm) relative to the corres-
ponding value in the HEPES buffer at 30.0 °C. In addition, no CD spectral
change was observed for at least one day at 30.0 °C. This result indicates that the
four pyridinium moieties bound to the chiral L-valine residues in 8 assume highly
restricted conformations in the bilayer membrane. Thus, the hybrid assembly
seems to furnish a chiral guest-binding site different from that provided by 8
alone in aqueous media without the vesicle,

Under such circumstances, the guest-binding behavior of the hybrid assem-
blies toward various hydrophobic molecules was examined by changing the
guest concentration, while the host concentration was maintained constant in
aqueous phosphate buffer. The following dyes were adopted as guest molecules:
Naphthol Yellow S (13), Dimethylsulfonazo 111 (14), Bromopyrogallol Red (15),
and Orange G (16). The CD band at around 247 nm is weakened in intensity as
the guest concentration is increased (Fig. 8). The decrease in CD band intensity
at 247 nm is attributable to conformational changes around the pyridinium
moieties of 8 upon complexation with the guest molecules to form thermo-
dynamically stable complexes. The molecular mechanics and dynamics calcu-
lations reveal that the pyridinium moieties in the bridging segments of 8 are
separated from each other as the guest molecule is incorporated into the internal
cavity of the host (Figs. 9 and 10).

The stoichiometry for the complexes formed with host 8 embedded in the
bilayer membrane and the guest was investigated by the molar ratio method
[62]. A plot of the [6] value for 8 against the concentration of Orange G reveals
that 8 embedded in the bilayer vesicle forms a complex with Orange Gina 1:1
molar ratio. The same 1:1 stoichiometry was confirmed for other complexes. The
formation constants (K) for the 1:1 host-guest complexes in the bilayer

OH S03° OH OH ~038
OzN 303_ H3C©—N= :@(jN=N~©~CH3
T0s8 S04
NOz 14
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Fig. 8. CD spectral change for hybrid assembly formed with 8 (5.0 x 107* moldm %) and 9 (1.0
x 1073 moldm ™3 upon addition of Dimethylsulfonazo III in aqueous phosphate buffer
(10 mmol dm ™3 at pH 7.0 and 30.0°C. Concentrations of the guest in y mol dm™3% A, 0; B, 5.0; C, 20;
D, 35; E, 50; F, 75; G, 100 (Taken from [44])

Fig. 9A,B. Space-filling models optimized conformationally: A for 8; B for a complex of 8 with
Naphthol Yellow S. Two macrocyclic rings of the host are removed for simplicity to show
conformational change in the binding moieties of 8 (Taken from [447)

>

/A S ——

Fig. 10. Schematic representation of guest-binding behavior of hybrid assemblies formed with
peptide lipid 9 and cage-type cyclophanes 7 and 8, indicating conformational change of the host
cavity
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membrane were evaluated on the basis of the CD spectral changes. As is
apparent from the formation constants listed in Table 4, the binding affinities of
cage-type hosts 7 and 8 toward guest molecules are effectively retained even
when the hosts are incorporated into the bilayer vesicie. It must be noted that the
CD spectra for the hybrid assemblies, observed in the presence of a sufficient
excess of the guest, are similar to those for the corresponding hosts in the absence
of the vesicle under otherwise identical conditions. The result indicates that the
host molecules located in both inner and outer monolayers of the membrane are
equally capable of binding the anionic guest. This leads us to conclude that both
hosts are able to transfer the anionic guest from the bulk aqueous phase to the
inner membrane monolayer, acting as a functionalized channel or carrier.
The chirality-based molecular discrimination behavior of the hybrid assem-
bly formed with 7 and 9 toward optically active a-amino acids was examined by
means of 'H NMR spectroscopy in D,O at 30.0 °C [63]. When the bilayer vesicle
of lipid 9 was added to aqueous solutions containing L- and D-tryptophan
individually, any significant chemical shift changes were not observed for the
guest molecules. This indicates that interactions between the guest molecules and
the anionic vesicular surface are very weak. On the other hand, all the 'HNMR
signals due to the guests in the hybrid assemblies were broadened and underwent
substantial upfield shifts, except for the signal due to H-2 proton on the indole
ring that shifted to downfield. It is clear now that the guest molecule is
incorporated into the three-dimensional hydrophobic cavity of the cage-type
cyclophane embedded in the bilayer membrane. The binding constants (K) for
the 1:1 host—guest complexation were evaluated on the basis of the computer-
aided least-squares curve fitting method applied to the NMR titration data: K
= 5x10* and 3 x 10* dm*® mol ™! for L-tryptophan and p-tryptophan, respec-
tively. Since the present hybrid assembly shows no capacity of binding aliphatic
guests, such as L-methionine and L-threonine, the hybrid assembly formed with
host 7 and lipid 9 seems to perform chiral recognition toward hydrophobic and
aromatic a-amino acids through hydrophobic and n-x interactions.

Table 4. Binding constants (K) for host-guest complexes formed in aqueous solution
and bilayer membrane at 30,0 °C®

Guest® Agueous solution Bilayer membrane

7 8 7+9 8+9
13 5.5x 104 37x10° 2.7 x 10* 4.1 x 10*
14 3.8x10* 3.4 x 10° 3.0x 10* 5.0 x 10*
15 5.8x10* 25x%x10° 2.1x10* 3.3x10*
16 1.2x10° 2.6x 104

* In acetate buffer (10mmoldm 3 at pH4.1 for 7; in phosphate buffer
(10mmoldm ™ 3jat pH80for8, 7+9,and 8+ 9

® Concentrations in mol dm™3 lipid, 1.0x 10~ % receptors, 5.0 x 10™%; guests, 5.0
%105 — 2.0 x 10™* (Cited from [44])
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6 Concluding Remarks

Molecular recognition is one of the most important subjects in supramolecular
chemistry. We have described our recent approaches to the formation of large
hydrophobic cavities capable of providing effective guest-binding sites in bilayer
membranes as well as in aqueous solution. Three types of artificial receptors,
each having a macrocyclic skeleton (or skeletons) as a basic structural compon-
ent, were designed and synthesized: octopus cyclophanes, steroid cyclophanes,
and cage-type cyclophanes.

The hydrophobic cavity provided by the octopus cyclophane is significantly
flexible, and capable of performing molecular recognition toward hydrophobic
guest molecules of various buikiness through the induced-fit mechanism, not
only in aqueous solution but in the bilayer membrane formed with a synthetic
peptide lipid. However, such a flexible hydrophobic cavity seems to be unfavor-
able for size-sensitive molecular discrimination.

The steroid cyclophane also provides a sizable and well-desolvated hydro-
phobic cavity in aqueous media in a manner as observed for the octopus
cyclophane. The molecular recognition ability of the steroid cyclophane is
inferior to that of the octopus cyclophane in aqueous solution due to the
structural rigidity of steroid segments of the former host. When the steroid
cyclophane is embedded in the bilayer membrane to form a hybrid assembly,
however, the steroid cyclophane becomes superior to the octopus cyclophane
with respect to functions as an artificial cell-surface receptor, performing marked
guest discrimination.

The cage-type cyclophane furnishes a hydrophobic internal cavity for inclu-
sion of guest molecules and exercises marked chiral discrimination in aqueous
media. The host embedded in the bilayer membrane is capable of performing
effective molecular recognition as an artificial cell-surface receptor to an extent
comparable to that demonstarated by the host alone in aqueous media.

To the best of our knowledge, the present findings can be cited as the first
successful examples of hybrid assemblies that are eligible for mimicking sensor
functions of biological receptors embedded in biomembranes. We believe that
the present study provides a useful guidepost for designing functionalized
cyclophane hosts as well as hybrid assemblies for functional simulation of
naturally occurring receptors.
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