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Axially Chiral Catenanes and rn-Electron-Deficient Receptors**
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Abstract: The design of a new class of chi-
ral [2]catenanes is reported. The self-as-
sembly of [2]catenanes comprising one
or two 3,3'-bitolyl spacers in the m-elec-
tron-deficient component, and bis-p-
phenylene-34-crown-10 (BPP34C10) as
the mn-electron-rich component, is de-
scribed. The X-ray crystal structures, to-
gether with solution-state dynamic
'H NMR spectroscopic studies, show that
the degree of order characterizing the
molecular structures is substantially dif-

tions, bitolyl compounds can support
axial chirality: the self-assembly of axially
chiral [2]catenanes, comprising one or two
3,3-disubstituted-2,2’-dihydroxy-1,1'-bi-

naphthyl spacers, has been achieved in
good yields, showing that the introduc-
tion of the bulky, axially chiral spacer and
the consequent distortion of the cavity of
the m-electron-deficient component still
permits good molecular recognition be-

Keywords

tween the components leading to efficient
catenane production. X-ray crystallogra-
phy suggests that this recognition is driv-
en by hydrogen bonding and n—n stack-
ing interactions between the complement-
ary subunits. The hydroxyl groups on the
chiral spacer were further functionalized
as benzoyl estersin a [2Jcatenane as well as
in the tetracationic cyclophanes; that is,
chemistry can be done on these catenanes.
The chiral tetracationic cyclophanes ex-
hibit good enantiomeric differentiation

ferent from that of the “parent” [2]-
catenane, comprising cyclobis(paraquat-
p-phenylene) and BPP34C10. When ap-
propriately substituted in their ortho posi-

catenanes

Introduction

Self-assembly'!! is a very powerful tool for the construction of
highly ordered supramolecular systems like those found in the
natural world: the building of thermodynamically stable struc-
tures such as DNA,!? the tobacco mosaic virus,*! and many
multimeric proteins'! are all striking examples of the remark-
able efficiency of self-assembly processes. An increasing number
of abiotic self-assembling systems have been reported recently in
the literature, for example, double-stranded helicates,’® inter-
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chirality
selection - receptors -

toward the D- and L-enantiomers of aro-
matic amino acids in water and their
N-acetylated derivatives in organic sol-
vents.

enantio-
self-assembly

locked systems,'s! hydrogen-bonded aggregates,!” and Lang-
muir - Blodgett films.® Recently, we have developed an ap-
proach (Figure 1) to mechanically interlocked molecular struc-
tures, based on a self-assembly paradigm and with subunits
possessing high complementarity.’”? The strong molecular
recognition that exists between the n-electron-deficient cyclo-
bis(paraquat-p-phenylene) (1#*) and n-electron-rich macro-
cyclic polyether components, like 1,4-bis[2-(2-hydroxyethoxy)-
ethoxy]benzene (BHEEB), is a result of hydrogen bonding!!?!
and dispersive interactions, including m-n stacking interac-
tions; ! ") the same kind of interactions are responsible for the
molecular recognition that occurs between the n-electron-rich
crown ether, bis-p-phenylene-34-crown-10 (BPP34C 10), and
paraquat (PQT). These interactions provide the key to our par-
ticular approach to the construction of interlocked compounds
such as the [2]catenane 2**.1121 The remarkable ability of cyclo-
bis(paraquat-p-phenylene) (1**) to form stable inclusion com-
plexes with biologically important compounds (e.g., amino
acids possessing n-electron-rich aromatic subunits,''3* a series
of catechol-containing neurotransmitters,” *® and phenyl gly-
copyranosides!!39l) led us to consider the possibility of introduc-
ing chirality into the cyclophane component and so render it a
chiral m-electron-deficient receptor.!'*! Furthermore, chiral
[2]catenanes are of interest in the field of topological stereo-
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Figure 1. A self-assembly approach to mechanically interlocked compounds.

chemistry.l'> 1®] Previously, we have synthesized an optically
active [2)catenane 3-4PF, by substituting one of the p-xylyl
spacers in the cyclobis(paraquat-p-phenylene) component with
an optically active polyether chain incorporating a chiral hy-
drobenzoin unit (Scheme 1).1'7 The corresponding optically ac-
tive tetracationic cyclophane 4-4PF, was also prepared and
characterized. Complexation studies between this cyclophane
and n-clectron-rich aromatic substrates, however, revealed only
relatively weak binding with them.''® These results might be
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Scheme 1. The self-assembly of an optically active [2jcatenane (3-4PF,) and the
corresponding optically active cyclophane (4-4PF,).
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rationalized in terms of the relative flexibility of the chiral spac-
er, resulting in a reduced level of preorganization of the host
toward its potential guests. In order to build chirality into the
receptor and also preserve its rigidity, we decided to introduce
axial chirality. Initially, we considered 2,2"-bis(bromomethyl)-
1,1"-binaphthyl ((RS)-5) as a chiral spacer to be inserted into a
n-electron-deficient receptor. Previous studies had shown that
reducing the width of the cavity of 1** by substituting one or
both of its p-xylyl spacers with m-xylyl spacers still aliows it to
recognize m-electron-rich substrates and be incorporated into
catenanes.!'®! In this case, however, the desired [2]catenane
(RS)-9-4 PF, could not be self-assembled as a result of attempt-
ed template-directed syntheses (Scheme 2), even under high-
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Scheme 2. Attempted self-assembly of the [2]catenane 9-4PF, .

pressure reaction conditions. The reluctance of this collection of
precursors to self-asscmble into a [2]catenane was attributed to
the fact that the tricationic intermediate probably prefers to
undergo intermolecular nucleophilic substitution in preference
to intramolecular ring closure—presumably as a consequence of
the extreme narrowness of the cavity of the tetracationic cy-
clophane that would have to be formed. Thus, subsequent at-
tempts to introduce axial chirality into the tetracationic
cyclophane component centered on 3.3'-disubstituted-2,2'-
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dihydroxy-1,1’-binaphthyl units. In this paper, we report on the
design and the self-assembly of a new class of axially chiral
[2lcatenanes as well as on their tetracationic cyclophane compo-
nents. We also examine the ability of the cyclophanes to differ-
entiate between enantiomers of amino acids carrying m-clectron-
rich rings.[?!

Results and Discussion

Synthesis: 3,3’-Bis(bromomethyl)biphenyl (10) was prepared by
a free-radical bromination of commercially available 3,3'-
dimethylbiphenyl. Reaction of an excess of 4,4"-bipyridine with
10 yielded, after purification by column chromatography and
counterion exchange, the dicationic intermediate 11-2PF; in
47% yield. The [2]catenane 14-4PF,, incorporating one bitolyl
spacer, has been self-assembled by means of both possible clip-
ping procedures, following the two pathways shown in
Scheme 3. Although the catenations were performed under
identical conditions (solvent and temperature), when 10 was
added to 7-2 PF; in the presence of an excess of BPP34 C 10, the
[2]catenane 14-4 PF, was obtained in 33 % yield, whereas, when
the scif-assembly was performed with equimolar amounts of
1,4-bis(bromomethyl)benzene 8 and 11-2PF, the yield went up
to 60%. Clearly, the intermediate tricationic complex 13-3X
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Scheme 3. The self-assembly of the [2]catenane 144 PF,.
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undergoes ring closure much more readily than does 12-3 X.I'*!
Similarly, the [2]catenane 15-4PF,, incorporating two bitolyl
spacers, has been self-assembled by the clipping procedure (see
Scheme 4). Stirring 11-2 PF, and 10 in MeCN in the presence of
an excess of BPP34C10 at room temperature and pressure
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Scheme 4. The self-assembly of the [2]catenane 15-4 PE,.

afforded 15-4PF,, after purification by column chromatogra-
phy and counterion exchange, in 15 % yield. When the reaction
was carried out in DMF under high-pressure conditions the
yield went up to 34%. No trace of the corresponding
[3]catenane was detected, indicating that the cavity of the tetra-
cationic cyclophane is too small to accommodate two
BPP34C10 hydroquinone rings simultaneously. This result
contrasts with the case where 4,4'-bitolyl spacers are used in the
n-electron-deficient component. In this case, the [3]catenane is
the major product.''* 21 The syntheses of the free tetracationic
cyclophancs have also been addressed. When equimolar
amounts of 10 and 7-2PF, were stirred at room temperature in
dry MeCN, the tetracationic cyclophane 16-4 PF, was obtained
(Scheme 5) in trace amounts. When the reaction was repeated
under the same conditions in the presence of an excess of
BHEEB, the yield increased to 14 %, after purification by lig-
uid—liquid extraction, column chromatography, and counteri-
on exchange. The m-electron-rich hydroquinone ring and the
hydrogen-bond-accepting oxygen atoms in BHEEB act as a
template for the formation of the cyclophane in a procedure
analogous to that for the template-directed synthesis of cyclo-
bis(paraquat-p-phenylene).''*® Likewise, the tetracationic cy-
clophane 17 -4 PF, was obtained in 14% yield by stirring 10 and
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11-2PF, in MeCN at room temperature,
following the usual purification proce-
dures.t??! Also, in this case, the use of the
template raised the yield to 20%. This in-
crease in the yield is less dramatic, pre- .
sumably because the enlarged cavity of
the tetracationic cyclophane diminishes
its binding ability toward BHEEB. This
observation is in line with the very poor
templating power of polyether-substitut-
ed m-electron-rich aromatic units in the
synthesis of cyclobis(paraquat-4,4’-bi-
phenylene) .23

The strategy employed for the synthesis
of a rigid. axially chiral spacer is shown in
Scheme 6. The target compound should have leaving groups in
the 3,3’ positions and bulky groups in the four 2,2" and 6,6’
positions of the bitolyl skeleton in order to prevent racemization
of the two enantiomers. The compound 3,3'-bis(bromomethyl)-
2.2'-dihydroxy-1,1’-binaphthyl ((RS)-20) satisfies these criteria.
Its synthesis and resolution have been reported by several re-
search groups.?*! Cram and coworkers'**! have shown that it is
stable toward racemization. The compound 2,2'-dihydroxy-1,1'-
binaphthyl-3,3'-dicarboxylic acid (RS)-18 could be obtained in
modest yield by means of a free-radical reductive coupling of
3-hydroxy-2-naphthoic acid. The tetraol (RS)-19 was obtained
in good yields by reduction of the diacid with LiAlH, . Finally,

(RS)-22-4PF,.
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Scheme 7. The self-assembly of the chiral [2]catenane (RS)-21'4PF, and the synthesis of its derivative

Scheme 6. Schematic representation and synthesis of the chiral building block (RS)-20.

bromination was achieved with HBr in MeCO,H at room tem-
perature to give the racemic (RS)-3,3'-bis(bromomethyl)-2,2"-
dihydroxy-1,1"-binaphthyl (RS)-20 in 75% yield. When (RS)-
20 was stirred at room temperature in the presence of an
equimolar amount of 7-2PF; in dry MeCN and of an excess of
BPP34C10, the chiral {2]catenane (RS)-21-4PF, self-assem-
bled in 54 % yield, following the usual purification procedures
(Scheme 7). The much higher yield associated with the catena-
tion step, when compared with that obtained from the self-as-
semby of the [2]catenane 14-4PF,, may be the consequence of
at least two factors: a) the higher rigidity of the chiral spacer
(RS)-20 with respect to the flexible, achiral spacer 10 resulting
in a higher preorganization toward ring closure, and b) the

PhCOCI

2,6-Lutidine
MeCN AT

(RS)-21-4PF

(RS)-22-4PF

presence of the free hydroxyl groups in the binaphthyl unit,
which might assist ring closure and hence [2]catenane formation
by participating in hydrogen-bonding interactions with the
polyether oxygen atoms of BPP34C10. The free hydroxyl
groups in this interlocked structure could be functionalized.
Indeed, the dibenzoate was formed when the [2]catenane (RS)-
21-4PF, was stirred at room temperature in the presence of
an excess of benzoyl chloride and 2,6-lutidine, affording
(RS)-22-4PF, in quantitative yield (Scheme 7). This reaction,
although it is a simple esterification, is the first example
of the derivatization of an interlocked molecular system of
this kind.
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The synthesis of the optically active [2]catenane (R)-22-4PF,
has also been addressed. The optical resolution of the chiral
building block (RS)-18 has been described in the literature by
Cram and coworkers.[**! When we employed the same proce-
dure, based on the selective precipitation of one of the two
diastereoisomeric salts formed by heating the racemic dicar-
boxylic acid (RS)-18 with an excess of the optically active L-
leucine methyl ester in MeOH, we obtained the optically active
dicarboxylic acid (R)-18. The optically active dibromide (R)-20
could be obtained by the strategy outlined for the racemic one.
Although the optical rotation of the dibromide (R)-20 has—to
our knowledge—not been recorded in the literature (while the
specific optical rotations of the diacid (R)-18 and of the tetraol
(R)-19 have previously been described), we assumed that no
racemization had occurred under the reaction conditions used in
the bromination (slightly acidic conditions, 1 h, room tempera-
ture).12°! Stirring (R)-20 in the presence of an equimolar amount
of 7-2PF, and an excess of BPP34C 10 in dry MeCN afforded
the optically active [2]catenane (R)-21-4PF, in 50% yield, fol-
lowing the usual purification procedure. Stirring (R)-20 and
7-2PF, in the presence of the template BHEEB, followed by
removal of the template by liquid—liquid extraction and purifi-
cation by column chromatography before counterion exchange,
gave the optically active m-electron-deficient tetracationic cy-
clophane (R)-23-4PF, in 27 % yield (Scheme 8). Again, diben-
zoylation of the hydroxyl groups on the cyclophane was
achieved with benzoyl chloride and 2,6-lutidine, affording (R)-
24-4PF; in 64% yield.

® (@
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N N 4PFg
() @ ) NHPF/HO (@ )
2 PR, N N%
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(R)-24-4PFs R =Bz

(RR)-26-4PFg R=H

(RR)-2T-4PFg R=Bz

PhCOCI/ 2,6-Lutidine

Scheme 8. The template-directed synthesis of the optically active tetracationic
cyclophanes (R)-23-4 PF, and (RR)-26-4PF.
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Encouraged by the successful self-assembly of the tetracation-
ic cyclophane and [2]Jcatenane incorporating two achiral bitolyl
units, we decided to investigate the possibility of introducing
two chiral axes into the n-electron-deficient component. The
dicationic salt (R)-25-2PF, was obtained in 44 % yield (follow-
ing purification by column chromatography and counterion ¢x-
change) by treating an excess of 4,4'-bipyridine with (R)-20. The
self-assembly of the cyclophane (RR)-26-4 PF,, incorporating
two axially chiral spacers, was achieved in 29 % yield (Scheme 8)
by allowing approximately equimolar amounts of (R)-20 and
(R)-25-2PF, to react in the presence of an excess of the template
BHEEB at room temperature for 14 days before the usual pu-
rification procedures. Again, further functionalization of the
four hydroxyl groups on the positively charged cyclophane was
conducted, affording (RR)-27 -4 PF, in 87 % yield. Intriguingly,
the attempted self-assembly of (RR)-28-4PF, by reaction of
(R)-20 and (R)-25-2PF, in the presence of an excess of
BPP34C10 (Scheme 9) afforded the [2]catenane only in traces
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Scheme 9. The self-assembly of the chiral [2]catenane (RR)-28 4PF, and (RK)-
29-4PF,.

(identified by FAB mass spectrometry). Indeed, when the larger
1,5-dinaphtho-38-crown-10 (1,5DN38 C 10)!%¢! was used in the
catenation, the appearance of a purple coloration in the reaction
mixture was observed after a few hours and the [2]catenane
(RR)-29-4PF, could be isolated after 14 days’ stirring at room
temperature, followed by the usual purification procedures, in
47% yield. Even although 1,5-dioxynaphthalene units are
known to be better templating units for the self-assembly of
interlocked compounds of this kind,[?7) the association constant
(K, =2510M" ', AG® = — 4.7 kcalmol ') for the 1:1 complex
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formed between (RR)-26-4PF, and BHEEB is certainly higher
than the association constant (K, =330M""' AG°=
— 3.45 kcalmol ™ 1) for the 1:1 complex formed between (RR)-
26-4PF, and 1,5-bis[2-(2-hydroxyethoxy)ethoxy]naphthalene
BHEEN.?%1 The very low yield (< 5%) of the [2]catenane (RR)-
28-4PF, might be explained on the basis of steric interactions:
the crown ether BPP34 C10 is too small in size to slip over the
bulky binaphthol spacers once the tricationic intermediate—the
product of the first nucleophilic substitution on one of the
pyridyl nitrogen atoms of (R)-25-2 PF, with one of the bromides
of (R)-20—is formed, and hence is unable to encircle the newly
formed bipyridinium unit. Thus, it appears that only with a
larger crown ether such as ,SDN38C 10 can the self-assembly
process work efficiently.[2%]

X-Ray Crystallography: The X-ray analysis of the [2]catenane
14-4PF, (Figure 2) reveals a structure in which one of the hy-
droquinone rings of the BPP34C10 component is inserted

Figure 2. X-Ray crystal structurc of the [2]catenane 14-4PF,.

approximately symmetrically through the center of the tetra-
cationic cyclophane component, which consists of one bitolyl,
on¢ p-xylyl, and two bipyridinium units. The tetracationic
cyclophane exhibits deformation characteristics analogous to
those observed in cyclobis(paraquat-p-phenylene).['2°1 There
are twisting and bowing distortions within the two bipyridinium
components, with twist and bow angles of 23” and 11°, respec-
tively, for the “inside” bipyridinium unit, and 20° and 12° for
the ‘“alongside™ one. The bitolyl unit, which adopts an anti
geometry, also exhibits a large twist angle (49°) between its two
phenylene rings. Associated with the anti geometry of the bitolyl
unit, there is a significant tilting (24°) of the bond linking its two
phenylene rings with respect to the CH,— C,H,—CH, axis of the
p-xylyl spacer at the other end of the cyclophane. The presence
of a bitolyl spacer unit within the tetracationic cyclophane com-
ponent increases the separation of the bipyridinium units to
7.5A (the mean value for cyclobis(paraquat-p-phenylene)
(1**y is 7.1 A),l'?™ while the length of the tetracationic
cyclophane, that is, the distance between the centroid of the
p-xylyl spacer and the center of the bond linking the two
phenylene rings of the bitolyl unit, is 11.2 A. One of the
effects of increasing the length of the spacer between the bipyri-
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dinium units of the cyclophane is an increase in the separation
of the ““inside” m-electron-rich hydroquinone ring and the two
n-electron-deficient bipyridinium units. The distance of the hy-
droquinone ring to the “inside” bipyridinium unit is 3.68 A and
that to the “alongside™ bipyridinium unit is 3.74 A; in other
words, it is only slightly displaced with respect to the central axis
of the tetracationic cyclophane. The O—C H,-O axis of the
“inside”” hydroquinone ring (which has an anti geometry associ-
ated with its two oxymethylene bonds) is inclined by 40° to the
plane of the cyclophane, as defined by the plane of its four
methylene carbon atoms, which are coplanar to within 0.3 A.
The “‘alongside™ hydroquinone ring, which has a predominantly
syn geometry associated with its oxymethylene bonds (sec the
Experimental Section), is inclined by 197 to the plane of the
cyclophane and has a separation of 3.56 A from the “inside”
bipyridinium unit. In addition to the m-x stabilizing interac-
tions between the m-electron-rich hydroquinone rings and n-
electron-deficient bipyridinium units, there are also weak
[CH - - O] hydrogen bonds involving 2-CH groups on each ring
of the “‘inside™ bipyridinium unit and either the second or the
third oxygen atom of each of the polyether linkages in the
BPP 34 C 10 component. These interactions are very weak, with
[H--- 0] distances in the range 2.49-2.56 A and associated
[CH - - - O] angles ranging between 140 and 149°. In contrast to
the pattern observed in [2]catenanes, where the tetracationic
cyclophane component is cyclobis(paraquat-p-phenylene) and
there are strong T-type edge-to-face interactions between the
“inside” hydroquinone ring and the p-xylyl spacers of the cy-
clophane, here, in 14-4PF_, this type of interaction appears to
be absent. The centroid—centroid separation between the “in-
side” hydroquinone ring and the p-xylyl ring is 5.52 A with an
associated [H---n] distance of 3.4 A—a distance that is very
much longer than the normal value of 22.8 A associated with
a significant interaction.'*2®! Inspection of the packing of the
[2]catenane molecules of 14-4PF, in the crystals (Figure 3) re-
veals the presence of a mosaic-like array of [2]catenane mole-
cules. This array is stabilized by m—7 interactions between
a) the “alongside” hydroquinone ring of one molecule and one
of the phenylene rings of the bitolyl unit of another (centroid—

Figure 3. Packing of the molecules of the [2]catcnane 14-4 PT, in the solid state.
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centroid separation 3.93 A, mean interplanar separation 3.59 A,
ring—ring tilt 11°) and b) one of the pyridinium rings of a
bipyridinium unit in one molecule and its parallel-aligned cen-
trosymmetrically related counterpart in another (centroid —cen-
troid separation 4.40 A, mean interplanar separation 4.12 A).
The apparent stacking geometry of p-xylyl rings in adjacent
[2]catenanes (mean interplanar separation 3.18 A, but with a
centroid—centroid separation of 5.35 A for the pairs of parallel
rings) is not compatible with any significant n—m stacking inter-
action. These two-dimensional mosaics of [2]catenanes form
sheets within the crystallographic 011 plane. Adjacent sheets are
separated by a lattice translation (11 A) in the a direction. The
anions and solvent molecules are located between these layers.

The X-ray analysis of 15-4PF, (Figure4) reveals a
[2]catenane structure very similar to that observed for the previ-
ous one (14-4PF,) in that one of the hydroquinone rings of the

Figure 4. X-ray crystal structure of the [2]catenane 15-4PF,.

BPP34C10 component (which in 15-4PF, has a syn relation-
ship associated with its two oxymethylene bonds) is threaded
approximately centrally through the cavity of the tetracationic
cyclophane with its O-C¢H,—O axis inclined by 41° to the
plane of the cyclophane. The presence of two bitolyl spacer units
within the tetracation results in an increase in its length to 12.8 A
(124 in 14-4PF,). Surprisingly, however, there is a small
reduction in its width (between the two bipyridinium units) to
71A (7.5A in 14-4PF;). This reduction is probably a conse-
quence of the adoption by both the bitolyl units of a syn geome-
try for each of their pairs of CH,~Ar bonds, as opposed to the
anti geometry adopted for the single bitolyl spacer in 14-4PF,.
There are significant twists (12° and 30“) between the phenylene
rings within each bitolyl unit. A consequence of the distinctly
different twist angles in the two bitolyl spacers is a skewing of
the overall geometry of the tetracationic cyclophane compo-
nent, such that the [N --- NJ axes of the two bipyridinium units
are inclined by 17°. The bipyridinium units both exhibit twisting
and bowing distortions, with the “inside™ one being twisted by
18° (14° bow) and with the “alongside” one also being twisted
by 18°, but with only a 7° bow. [t is interesting to note that the
“inside” hydroquinone ring is offset quite markedly toward the
bitolyl unit exhibiting the larger twist: the distance from the
centroid of the hydroquinone ring to the center of the bond
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linking the two phenylene rings in one spacer is 5.6 A, whereas
itis 7.4 A to the center of the bond of the other bitolyl unit (with
the twist angle of 12°). The [2]catenane is stabilized by n-n
interactions between the m-electron-rich hydroquinone rings
and the n-electron-deficient bipyridinium units. The separation
between the plane of the “inside” hydroquinone ring and the
“alongside” bipyridinium unit is 3.54 A, whereas its separation
from the “inside” bipyridinium unit is 3.41 A. The distance
from the plane of the “‘alongside” hydroquinone ring (which
also has a syn geometry for its oxymethylene bonds) and the
“inside” bipyridinium unit is 3.63 A. The O-C,H,-O axis of
the “alongside” hydroquinone ring is inclined by 29° to the
[N--+NJ axis of the “inside” bipyridinium unit. There is only
one distinctive additional stabilizing interaction -that is a
strong [CH --- O] hydrogen bond ([C---0] 3.2t A, [H-- O]
2.28 A, [CH - O] angle 165°) between one of the z-CH bipyri-
dinium hydrogen atoms and the central polyether oxygen atom
of one of the polyether linkages. The [2]catenane molecules pack
to form extended n-donor/m-acceptor stacks (Figure 5) that

Figure 5. Packing of the molecules of the [2]catenane 15-4PF, in the solid state.

extend in the crystallographic 170 direction, the plane of the
“alongside” hydroquinone ring in one molecule within the stack
being separated by 3.49 A from the “alongside” bipyridinium
unit of the next. Adjacent centrosymmetrically related stacks in
one direction are involved in interstack m—m interactions that
occur between pairs of overlapping bitolyl units (ring-centroid —
ring-centroid separations of 4.23 A and mean interplanar sepa-
rations of 3.77 A). In the other direction. there is a similar
interaction between stacks related by an independent crystallo-
graphic symmetry center, but offset such that only one of the
phenylene rings of the other bitolyl unit is involved in parallel
n—m overlap (interplanar separation 3.62 A and centroid—cen-
troid separation of 3.97 A). The overall effect of these combined
interactions is to produce once again a two-dimensional sheet
mosaic, but with distinctive offsets between the individual com-
ponents within the sheet. The anions and solvent molecules are
located between the extended sheets of n—n stabilized [2]-
catenane molecules.
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Figure 6. X-Ray crystal structure of the [2]catenane (RS)-21-4PF,.

The X-ray analysis shows that the [2]catenane (RS)-21-4PF,
crystallizes with equal numbers of (R) and (S) molecules present
in the crystal. The BPP 34 C 10 component is threaded through
the center of the chiral tetracationic cyclophane, with the
0O-C,H,-0 axis of the “inside” hydroquinone ring inclined by
41" to the plane of the cyclophane, as defined by the four
methylene carbon atoms that are coplanar to within 0.33 A. The
incorporation of the binaphthyl spacer into one of the arms of
the tetracationic cyclophane noticeably reduces the amount of
bowing in the bipyridinium units (typically ~25-30°) usually
present in this type of component to values of 4° for the “‘inside”
bipyridinium unit and 9° for the “‘alongside” one. The twist
angles, on the other hand, have typical values of 16° for the
“inside” bipyridinium unit and 19° for the “alongside” one. The
two naphthyl rings of the binaphthyl! spacer are orthogonal to
each other (twist angle 90°). Moreover, in contrast to cyclobis-
(paraquat-p-phenylene) and its related m-xylyl bridged ana-
logues, where the geometries at the four corner methyiene car-
bon atoms show little or no departure from tetrahedral [} 2% 191
in (RS)-21-4PF,, the angles at the methylene junctions with the
binaphthyl spacer are noticeably enlarged to 112 and 115°, while
those associated with the p-xylyl spacer unit are unchanged at
108 and 109°. The length and breadth of the tetracationic cy-
clophane component (as defined by the distance from the center
of the bond linking the two naphthyl rings to the centroid of the
p-xylyl ring and the distance between the centers of the bonds
linking each of the pyridinium rings within the bipyridinium
units) are 11.6 and 7.2 A, respectively. This [2]catenane is
stabilized by m-m interactions between both the “inside’ and
the “‘alongside” m-electron-rich hydroquinone rings of the
BPP 34 C10 component and the proximal n-electron-deficient
bipyridinium units of the tetracationic cyclophane component.
The separations between the *““inside” hydroquinone ring and
the “‘inside™ and *‘alongside” bipyridinium units are 3.61 and
3.53 A, and the distance between the “alongside” hydroquinone
ring and the “inside” bipyridinium unit is 3.50 A. The
0O-C¢H,—O axis of the “alongside” hydroquinone ring (which
has a syn relationship associated with its phenoxymethylene
bonds; compare this with the anti geometry characterizing the
“inside”” hydroquinone ring) is inclined by 32° to the [N---N]
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axis of the “inside” bipyridinium unit. Supplementing these in-
teractions are both [OH--- O] and [CH - - - O] hydrogen bonds
between the tetracationic cyclophane component and oxygen
atoms in the BPP34C10 component. The strongest of these
hydrogen-bonding interactions involves the inwardly directed
hydroxyl group of the binaphthyl unit, which is within hydro-
gen-bonding distance of both the second (2.75 A) and the third
(2.87 A) oxygen atoms in the proximal polyether chain of the
BPP34C10 component. Location of the hydroxyl hydrogen
atom shows that the OH group is directed toward the second
polyether oxygen atom; [H --- O] distance is 2.23 A (cf 3.05A
to the third oxygen atom), with an associated {[OH - - - O] angle
of 123°. Weaker hydrogen-bonding interactions exist between
one of the “inside” 2-CH bipyridinium hydrogen atoms (remote
from the binaphthyl spacer) and the central oxygen atom of the
polyether thread ([C---0]3.39, [H---0]2.46 A;[CH-- O] an-
gle 163°) and also between one of the hydrogen atoms attached
to the methylene carbon atom linking the “inside” bipyridinium
unit and the binaphthyl spacer and the second oxygen atom of
the polyether chain relative to the “‘alongside” hydroquinone
ring ([C--0]3.38, [H---0] 249 A; [CH- - - O] angle 155°). In
contrast to the majority of other [2]catenanes containing hy-
droquinone rings sandwiched between bipyridinium units with-
in tetracationic cyclophane components containing p-xylyl
spacers, in which T-type edge-to-face interactions between the
inside hydroquinone ring and the p-xylyl rings are dominant,
this type of interaction appears to be absent or very weak in
(RS)-21-4PF,. The centroid—centroid separation between the
“inside” hydroquinone ring and the p-xylyl spacer is 5.42 A, the
ortho hydroquinone hydrogen atom being 3.25 A from the p-xy-
Iyl ring centroid; a typical value is ~2.8 A. The probable reason
for the absence of a T-type interaction is the fact that the hy-
droquinone ring is displaced toward the binaphthyl unit as a
consequence of the presence of the strong [OH - - - O] hydrogen
bond between one of the binaphthy! hydroxy! groups and an
oxygen atom in the polyether linkage in the BPP 34 C 10 compo-
nent. A study of the packing (Figure 7) of the [2]catenane mol-
ecules reveals an absence of any marked extended =—n stacking.
Centrosymmetrically related pairs of [2]catenane molecules are
oriented such that the outside hydroquinone rings of adjacent

Figure 7. Packing of the molecules of the [2]catenane (RS)-21-4PF, in the solid
state.
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Table 1. Chemical shift data [0 values (A values)] [a] obtained from the 400 MHz 'H NMR spectra recorded for the series of [2]catenanes 2-4PF,, 14-4PF, . 15-4PF, an
the corresponding cyclophanes 1-4PF,, 16-4PF,, 17-4PF, in CD,COCD; solutions at room temperature.

Compound Charged component Neutral component
a-CH 5-CH C,H, [b] CH,N" ArH

1-4PF, [c] 9.38 8.58 7.76 6.15

16-4PF, 9.52/9.39 8.64/8.59 7.78 6.19/6.16

17-4PF, [d] 8.95 8.20 5.81

2-4PF, It 9.28 8.18 8.04 6.01 6.28/3.78
(=0.10) (- 0.40) (+0.28) (—0.14)

14-4PF, [e] 9.34/9.13 8.15/8.10 8.02 6.11/6.09 6.23/4.66
{(—0.18/—0.26) (—0.39/-0.49) (+0.24) (—0.08/—0.07)

15-4PF, [d] 8.75 7.72 5.83 5.70
(—-0.20) (—0.48) (+0.02)

[a] The Ad values indicated in parentheses under the respective 6 values relate to the changes in chemical shift exhibited by the probe protons upon catenane formation.
negative value indicates a movement of the resonance to high field. [b}] The C H, refers to the p-xylyl probe protons of the tetracationic cyclophane component. [¢] Dai
obtained from ref. [12¢]. [d] Spectra recorded in CD,CN. [e] Spectra recorded at 273 K.

Table 2. Kinetic and thermodynamic parameters[a] relating to the proposed processes 1 and 2 (Scheme 10) obtained from the temperature-dependent 400 MHz 'H NM
spectra recorded on the serics of [2]catenanes 2-4PF, 14-4PF,, 15-4PF , and (RR)-29-4PF,.

{2]catenane Probe Av [a] (Hz) ko[al ™" T, {a] (K) AGY¥ [a] (kcalmol™ 1) Process Solvent
protons (Av) [b] (k.) [b] (7.,) [b) (AG3) [b)

2-4PF, OCH.0 (19) (60) (313) (15.7) 1 CD,CN
2-CH 74 165 250 12.0 2 (CD,),CO
-CH 34 76 247 122 2 (CD,),C0

14-4PF, 0C,H,0 (24) s 57) (12.8) 1 (CD,),CO
x-CH 65 144 239 11.5 2 (CN,),CO
*-CH 78 173 239 114 2 (CD;),CO

15-4PE, 0OC,H,0 24) as (230 (11.4) [d] 1 (CD,),CO
2-CH 115 255 229 10.8 2 (CD,),CO
6-CH 84 187 230 11.0 2 (CD,},CO

(RR)-29-4PF, 0C,,H,0 193 428 270 125 i (CD,),CO

[a] Data not in parentheses relate to the coalescence method (see ref. [30]). [b] Data in parentheses relate to the exchange method (see ref. [30]). [¢] Data obtained fro
ref. [12¢}. [d} This data was calculated assuming wy,, to be 6 Hz in a situation of no exchange (see text).

molecules are aligned parallel and significantly offset with re-
spect to each other (interplanar separation 4.04 A, centroid-
centroid separation 4.9 A) at a distance that is somewhat large
for any significant n-n interactions. However, one of the hydro-
gen atoms on an OCH, group in one molecule is directed into
the face of the hydroquinone ring of another and vice versa, the
[H - n] distance being 3.07 A. A similar but stronger interac-
tion also exists between parallel-aligned pairs of p-xylyl rings
disposed about an independent crystallographic symmetry cen-
ter. The interplanar separation is much smaller, at 3.22 A, al- 1
though the centroid—-centroid separation is once again large
(4.9 A). This ring-ring offset is such that one of the p-xylyl
methylene hydrogen atoms in one molecule is directed into the
face of the p-xylyl ring of another and vice versa, the [H- - 7]
distance being only 2.88 A, with the [H- - - 1t} vector inclined by
76° to the p-xylyl ring plane. The combination of these [CH - - - 1]
interactions between [2]catenane molecules results in the forma-
tion of loosely linked zigzag chains of these molecules.

CD3COCDy 1

'"HNMR Spectroscopy: The solution-state properties of the se-
ries of [2]catenanes incorporating a n-electron-rich BPP34C10
component and bearing one or two bitolyl spacers in their &-
electron-deficient components have been investigated by means
of variable-temperature 'HNMR spectroscopy. The relevant
chemical shift data are summarized in Table 1, and the associat-
ed kinetic and thermodynamic parameters for the dynamic pro-
cesses (Scheme 10) taking place within these [2]catenanes are
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Scheme 10. The dynamic processes occurring in the [2)catenanes 14-4P!
15-4PF,, (RS)-21-4PF,, and (RR)-29-4PF,.

listed in Table 2.% The A values exhibited by the protons
the charged tetracationic cyclophane components of t
[2]catenanes 14-4PF; and 15-4PF, are consistent with tho
exhibited by the “parent” [2]catenane bearing two p-xylyl spa
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ers, 2-4PF; that is, a downfield shift is observed for the reso-
nances attributable to the o protons of the bipyridinium moiety,
a more pronounced shift being observed for the § protons. Up-
field shifts are observed for the resonances of both the
methylene bridges and the aromatic units of the spacer groups
when compared with those observed for the free tetracationic
cyclophancs 1-4PF,, 16-4PF,, and 17-4PF,. The kinetic and
thermodynamic parameters (Table 2) for the passage of the
BPP 34 C 10 component through the cavity of the tetracationic
cyclophane components (process 1, Scheme 10) show that the
activation barrier to this process is decreased upon introduction
of one bitolyl spacer into the skeleton of the tetracationic cy-
clophane component. This trend continues as the cavity is fur-
ther expanded by the introduction of a second bitolyl spacer. In
fact, when both of the p-xylyl

spacers in the tetracationic cy-

clophane component are substi-

tuted with bitolyl spacers, it is not

possible to distinguish between

the ““inside™ and “‘alongside” en-

vironments for the hydroquinone

ring protons, even at tempera-

tures as low as 200 K (400 MHz).

An estimated value of the activa-

tion energy barrier for process 1

was obtained assuming the half-

height linewidth (o, ,) in absence H

of exchange to be less than 6 Hz, o-CH y

a typical value being 3 Hz.[3%1
The value obtained shows a de-
crease of more than 4 kcalmol ™!
when compared with that ob-
tained for the “parent” [2]caten-

Table 3. Chemical shift data [6 values (Ad values)] {a] obtained from the 400 MHz
"HNMR spectra recorded for the [2]catenanes (R)-21-4PF,, (RR)-29-4PF, and the
cyclophanes (R)-23-4PF,, (RR)-26-4PF, bearing binaphthyl spacers in CD,COCD,
solutions at room temperature.

Compound Charged component
a-CH j-CH C,H, [b] CH,N"
(R)-23-4PF, 9.43/9.40 8.64/8.62 7.95 6.42(d)6.21(d)i6.15(s)
(R)-21-4PF, |c] 9.35/9.18 8.19/8.12 8.06 6.29(d);6.12(d);/6.10(s)
(—0.09/—0.22) (-0.35/—0.40) (+0.11) (—0.13/—0.09/—0.05)
(RR)-26-4PF, 948 8.68 6.45(d};6.20(d)
(RR)-29-4PF,  9.05/8.95 7.72/7.15 6.20(d)/5.98(d)
(—0.43/—0.53) (—0.96/—1.53) (—0.25/=0.22)

[a] The Ad values indicated in parentheses under the respective & values relate to the
changes in chemical shift exhibited by the probe protons upon catenane formation. A
negative value indicates a movement of the resonance to high field. (b} The C H, refers
to the p-xylyl components of charged components. [c] Spectra recorded at 320 K.

(RS)-21-4PF¢

ane, 2-4PF6. This decrease in the k OCgH4O
activation barrier presumably re- ~JU J{

flects the reduced stability of the -

r-acceptor/n-donor/m-acceptor 8 8 7 6 4
recognition motif in the catenane,  pigure 8. The 'HNMR spectrum of the [2catenane (RS)-21-4PF, at 30°C (400 MHz) in CD,COCD,/CD;NO,
as the bipyridininm acceptor (471 viv).

units are held increasingly farther
apart. In other words, the tetracationic cyclophane retains the
n-clectron-rich component less strongly in these systems. The
circumrotation (process 2, Scheme 10) of the tetracationic cy-
clophane component through the cavity of the crown ether com-
ponents, which leads to the exchange of the bipyridinium units
A and B between positions “inside’” and “alongside” the crown
ether components, also occurs in the [2]catenanes. The activa-
tion energy barriers associated with process 2 could be obtained
for both 14-4PF, and 15-4PFE,; these values show good agree-
ment with that reported for the “parent” [2]catenane 2-4PF,.
The relevant chemical shift data for the series of [2]catenanes
incorporating the chiral binaphthol spacers and the correspond-
ing tetracationic cyclophane components are reported in
Table 3. In the "H NMR spectrum (400 MHz) of the [2]catenane
(RS)-21-4PF, above room temperature, the dynamic process
es 1 and 2 are occurring at a fast rate on the NMR timescale.
Two different sets of methylene proton resonances are observed
(Figure 8). The first set, those linking the bipyridinium units to
the binaphthyl spacer, appear as an AX system, 6 6.12 and 6.29,

as a result of the diastereotopicity of the geminal pairs. The
other set, remote from the chiral spacer, is less sensitive to the
chiral environment and resonates as an apparent singlet at ¢
6.10. A single broad resonance is observed for the protons of
hydroquinone rings of the crown ether at § 5.68. The dynamic
processes taking place within the [2]catenane (RS)-21-4PF,
were investigated by means of variable temperature methods
(400 MHz). However, unambiguous delineation of the ex-
change processes occurring in the system was not achieved at
moderatc field strength. When a solution of (RS)-21-4PF, in
CD,COCD,/CDyNO, is cooled down to 273 K, process |
(Scheme 10) becomes slow on the NMR timescale (400 MHz),
and “inside” and “alongside™ hydroquinone environments be-
come distinguishable (& = 6.30 and 4.90), although the “inside”
hydroquinone ring proton resonance remains broad, indicative
of the simultaneous slowing of other exchange processes. At
temperatures below 250 K, we observed an increasing degree of
broadening and complexity throughout the entire spectrum. In-
spection of CPK space-filling molecular models suggests that it
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is not possible for the crown ether to
slip over the bulky binaphthyl residue
(vide infra). We therefore assume that
process 2 will be occurring, but in a
restricted sense, that is, that the tetra-
cationic cyclophane is free to swing
around the “inside” hydroquinone
ring of the BPP34C10 component
but it cannot circumrotate through
the cavity. Such a process, when fast
on the NMR timescale, would result
in an averaging of the signals observ-
able for related chemical environ-
ments of the tetracationic cyclophane
component. Other, more subtle, ex-
change processcs such as the slowing
of the rocking motion of the hy-
droquinone rings of the BPP34C10
component within the cavity of the
tetracationic cyclophane component
may also be contributing to broaden-
ing of the spectra.*!

The variable-temperature 'H NMR 9.0
spectra of the optically active
[2]catenane (RR)-29-4PF,, incorpo-
rating two bulky (R)-binaphthol
units in its m-electron-deficient com-
ponent, reveal a highly hindered system in which the neutral
component is free to circumrotate through the charged compo-
nent, but the passage of the tetracationic cyclophane component
through the 1,5DN38 C 10 component is restricted. When a so-
lution of (RR)-29-4PF, in CD,COCD, is cooled to 225 K (Fig-
ure 9a), unique “inside” and “alongside’ environments are dis-
tinguished for all of the aromatic protons of both the charged
and neutral components—with the exception of the protons peri
to the binaphthyl central aryl-aryl bonds—since both dynamic
processes are slow on the '"H NMR timescale (400 MHz) at this
temperature. Upon warming the solution to 273 K, the reso-
nances attributable to 1,5-dioxynaphthalene units coalesce as
process 1 becomes fast on the 'HNMR timescale (AG™ =
12.5 kcalmol ™! in Table 2). Further heating of a solution of the
catenane in CD,SOCD; does not, however, lead to the averag-
ing of the resonances of the tetracationic cyclophane component
(Figure 9b): “inside” and “‘alongside” environments are distinct
even at 393 K at 270 MHz. This observation sets a lower limit on
the free energy of activation for process 2 in this catenane of
>20 kcalmol ~'. The appearance of the spectra obtained for the
catenane (RR)-29-4 PF, can be contrasted with the spectrum of
the corresponding, optically pure, tetracationic cyclophane
(RR)-26-4PF, (Figure 9c). This free tetracationic cyclophane
possesses D, symmetry and hence only one set of resonances is
observed for each aromatic environment, as expected on the
basis of its symmetry properties.

clarity.

Association Constants: In the knowledge that 1** forms strong
1:1 complexes with biologically important compounds,t*?! the
ability of the axially chiral receptors (R)-23** and (RR)-26*"* to
exhibit enantiomeric differentiation toward amino acid carrying
n-electron-rich aromatic rings was investigated. Although in-
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Figure 9. Comparison of the 'HNMR spectra recorded for a) the [2]catenane (RR)-29-4PF, (400 MHz, 225K,
CD,COCD,), b) the [2]catenane (RR)-29-4PF, (400 MHz, 340 K, CD,COCD;) and ¢) the cyclophane (RR)-
26-4PF, (300 MHz. 300 K, CD,COCD,}. The polyether chains of the crown ether components are omitted for
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7.0 60 3

spection of molecular models shows that (R)-23*" and (RR)-
26*" have slightly enlarged and distorted cavities compared
with 1** both chiral tetracationic cyclophanes form strong 1:1
complexes with BHEEB: for (R)-23-4PF, and (RR)-26-4 PF, in
MeCN at 25°C, the K, values are 810 and 2510M ™~ !, respective-
ly, as determined by UV/vis titration. The association constant
for the 1:1 complex formed between (RR)-26-4PF, and the
1,5-dioxynaphthalene-containing aromatic compound BHEEN
is somewhat lower (330M ™), again as determined by UV/vis
titration in MeCN at 25°C.

The symmetry elements present in (R)-23-4PF, and (RR)-
26-4PF, mean that, in both cases, the faces of the receptors are
homotopic and thus, irrespective of which face binds the sub-
strate, only one 1:1 complex can be formed by either (R)-
23-4PF, or (RR)-26-4PF,. Association constants, determined
by UV/vis titration, and derived free energies of complexation
for the 1:1 complexes formed between either (R)-23-4X
(X = PF, or C)132! or (RR)-26-4PF, and the L- and p-enan-
tiomers of phenylalanine (Phe), tyrosine (Tyr), and tryptophan
(Trp) (in the free, methyl esterified, and N-acetylated forms) in
H,O0 and organic solvents are listed in Table 4. Comparison of
the K, values between (R)-23-4Cl and L-Trp and D-Trp in H,0
(entries 1 and 2) indicate a modest amount of enantioselectivity
in favor of p-Trp, which was reduced drastically when the corre-
sponding L- and D-methyl ester hydrochloride salts were investi-
gated (entries 3 and 4), suggesting that the carboxylic acid func-
tion in these amino acids might be playing a role in binding and
enantioselection. When the amino groups on L-Trp and D-Trp
were N-acetylated, the association constants in MeCN/DMF
(90:10) were considerably increased and the enantioselectivity is
larger and this time favors the L- over the D-enantiomer (en-
tries 5 and 6). Interestingly, the enantiomeric differentiation
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Table 4. Binding constants (K,) and free encrgies of complexation (— AG") for the 1: 1 complexes formed between cyclophanes (R)-23- X (X = PF, or Cl) and (RR)-26-4PF,

and n-electron-rich amino acids [a].

Entry Substrate Solvent K, (M~ K L)/ K (D) — AG” (kcalmol ™) AAG® {kcalmol™ 1) [b)
(R)-23 (RR)-26 (R)-23 (RR)-26 (R)-23 (RR)-26 (R)-23 (RR)-26

1 L-Trp H,0 [ 2470 ND {d] 4.63

2 b-Tep H,0 [c] 5860 ND (4 0.42 5.14 —0.51

3 L-Trp OMe-HCl H,0 [¢] 753 ND [d] 3.92

4 D-Trp OMe-HCl H,0 [c] 803 ND [d] 0.94 3.96 —0.04

S N-Ac-1-Trp Ale] 20700 4280 5.89 495

6 N-Ac-D-Trp A [} 2670 1080 7.75 3.96 4.67 4.14 1.22 0.81

7 N-Ac-L-Tyr B [e] 10060 2340 5.45 4.60

8 N-Ac-pD-Tyr B [e] 2125 1047 4.73 223 4.53 4.12 0.92 0.48

9 N-Ac-L-Phe A fe} 1220 219 421 319

10 N-Ac-D-Phe Ale] 2260 137 0.54 1.60 4.57 2.91 —-0.36 0.28

la] All binding constants were determined by UV/Vis titration at 25°C. [b] AAG® = AG"(L)-AG (1). [c] In H,O as a solvent, (R)-23-4C! was used. [d] Not determined.
[¢] Solvent mixture A: MeCN 90%, DMF 10%: solvent mixture B: MeCN 90%, DMSO 10%.

achieved by the cyclophane (R)-23-4PF, [K,(L)/K (D) =7.75] is
higher than that obtained in organic solvents for (RR)-26-4PF,
[K,(L)/K (D) = 4.73]. The association constants for the 1:1 com-
plexes formed between the cyclophane (R)-23-4PF, and the
N-acetyltryptophan substrates are also higher than the ones
obtained for the 1:1 complexes formed between the cyclophane
(RR)-26-4PF, and the same N-acetyltryptophan substrates.
The presence of an additional stabilizing T-type edge-to-face
interaction'*?! between the NH proton in the indole ring of the
amino acid and the p-xylyl spacer present in (R)-23-4 PF; might
offer a possiblc explanation. This hypothesis is supported also
by '"HNMR chemical shift data for 1:1 mixtures of (R)-
23-4PF, with N-acetyl-pD-tryptophan (Figure 10c) and N-
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Figure 10. "H NMR spectra of 2 mu solutions in CD,CN 90%/{D,]DMF 10 % of:
a) N-acetyltryptophan; b) (R)-23-4PF,; ¢) N-acetyl-p-tryptophan and (R)-
23-4PF, (1:1): d) N-acetyl-L-tryptophan and (R)-23-4PF, (1:1).
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acetyl-L-tryptophan (Figure 10d): when compared with the
spectra of the free cyclophane (Figure 10b), an upficld shift of
the p-xylyl resonances of the cyclophane (0.13 ppm in the case
of the p-cnantiomer and 0.14 ppm in the case of the L-enan-
tiomer) is observed. A downfield shift upon complexation
(A6=0.18 and 0.30 ppm in each enantiomer) of the § proton
resonances of the bipyridinium units of the cyclophane is also
observed in agreement with other examples of inclusion com-
plexes between n-electron-deficent bipyridinium-based cy-
clophanes and m-electron-rich guests.'**! Selected examples of
UV /vis titrations are shown in Figure 11. The curves, obtained
by adding increasing amounts of the N-acetyl amino acid guest
to a solution of fixed concentration of the host (R)-23-4PF,,
show a decrease of the absorbance of the cyclophane (in the
region 350—400 nm) with the formation of the 1:1 inclusion
complex, and a developing, weak charge transfer band (450-
500 nm) for the complex being formed. The charge transfer
band is immediately evident in the case of N-acetyl-L-tryp-
tophan (Figure 11a), whereas it is less evident in the case of N-
acetyl-L-tyrosine and N-acetyl-L-phenylalanine (Figure 11b and
11¢, respectively). Isosbestic points!*>! were present in the curves
from the titrations, strongly suggesting, in all cascs. the presence
of exclusively one 1:1 complex in solution. In both cyclophanes.
the enantioselectivities decreasc on going from N-acetyltryp-
tophan to N-acetyltyrosine'%! (entries 7 and 8 in Table 4) and to
the less m-electron-rich N-acetylphenylalanine (entries 9 and
10). All these data suggest to us a model in which the more
n-electron-rich the guest is (primary mode of binding), the more
the secondary stereoelectronic interactions of the functional
groups of the guest with the bulky optically active binaphthol
spacer(s) of the cyclophane(s) are cffective in recognition terms.

Molecular Modeling: Molccular modeling was used in an at-
tempt to predict the modes of interaction for the complexes
formed between a) tryptophan and b) N-acetyltryptophan and
the chiral tetracationic cyclophane (R)-23-4PF,. Coordinates
for (R)-23-4PF, were taken from the X-ray crystal structurc of
the correct enantiomer of (RS)-21-4PF,, and those of the guest
species were generated by the program Macromodel.*” To be
sure of sampling an adequate ensemble of the conformations
available to complexes of this type, three different techniques—
stochastic dynamics (SD), mixed-mode Monte Carlo/stochastic
dynamics (MC/SD) and Monte Carlo conformational search
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Figure 11. Curves obtained from the UV/Vis titrations of (R)-23-4PF, with:a) N-
acetyl-L-tryptophan; b) N-acetyl-L-tyrosine; ¢) N-acetyl-L-phenylalanine.

techniques (MC)—with two separate solvation models and
three different force fields were utilized. In our hands, the
Monte Carlo technique proved to be the most versatile when
used in conjunction with the Amber* forcefield, as both the
MM 2 and OPLS forcefields are not particularly well parameter-
ized for these types of systems; each has low-quality parameters
for the tetracationic cyclophane moiety. The computational
study predicted that the n-electron-rich aromatic rings would be
positioned almost centrally within the tetracationic cyclophane
component and, as such, sandwiched between the n-electron-de-
ficient bipyridinium rings. In addition, there appear to be CH-
n-type interactions*®! between the indole N-H hydrogen atom
and the p-xylyl residue (H-—centroid distances between 2.3—
2.4 A}in the cyclophane, consistent with many of the solid-state
structures for inclusion complexes of this type.*?! Analyses of
the predicted structures for D- and L-tryptophan suggest that it
is the carbonyl oxygen in the carboxylic acid function of the
amino acid that participates in a hydrogen-bonding interaction
with a hydroxyl function of the binaphthol unit. Similarly, ex-
amination of the N-acetylated system suggests that, in all the
low-energy conformations, it is the carbonyl function of the
acetyl unit that interacts, through hydrogen bonds, with the
proximal hydroxy! function of the binaphthol unit (Figure 12).

Chem, Eur. J 1997, 3, No. 3
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Figure 12. Computer-generated structures for the inclusion complexes formed be-
tween (R)-23-4PF, and aj N-acetyl-D-tryptophan and b} N-acetyl-L-tryptophan.

Furthermore, the data suggests that the N-acetylation of the
amino acid results in the formation of a guest species that pos-
sesses a higher degree of stereoelectronic complementarity with
the chiral cavity of the tetracationic cyclophane. This obscrva-
tion is in good agreement with the experimental rcsults, as the
N-acetylated systems show significant increases in binding ener-
gies when compared to the free amino acids. An examination of
the relative energies of the 1:1 complexes formed between (R)-
23-4PF, and the p- and L-enantiomers of tryptophan and N-
acetyltryptophan, however, revealed little significant energetic
preference for one enantiomer over the other. Submission of the
structures representing the global minima of the complexes to
AM1 and PM 3 semiempirical analyses™°! also provided little
information regarding the observed enantioselectivity, suggest-
ing that the chiral discrimination is a consequence of subtle
noncovalent interactive forces that—at least in our hands—can-
not be reproduced with the aforementioned computational tech-
niques.

Conclusions

The research described in this paper has shown how apparently
complex molecular compounds, in the shape of [2]catenanes,
can be constructed by means of self-assembly, and how m-elec-
tron-rich templates can be employed to assist in the building of
n-electron-deficient cyclophanes. The introduction of bitolyl
spacers into the skeleton of 1** has proved the viability of a
possible route toward the self-assembly of catenanes and recep-
tors that are axially chiral. The optically active [2]catenancs
(R)-21-4PF, and (RR)-29-4PF, have been self-assembled in
good yields and the optically active n-electron-deficient tetraca-
tionic cyclophanes (R)-23-4PF, and (RR)-26-4PF, have been
shown to differentiate enantioselectively between amino acids
bearing m-electron-rich aromatic residues as a result of subtle
differences in the supramolecular interactions (nm-m stacking
and hydrogen bonding), which are also responsible for the self-
assembly of the [2]catenanes. The information gained from
studying both the solid- and solution-state structures of the
[2]catenanes described in this paper shows that the molecular
recognition ability responsible for their sclf-assembly persists
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thereafter. The functionalization of the hydroxyl group on the
tetracationic components of the cyclophanes and catenanes has
been achieved in good yields, showing how chemistry can be
performed on these charged organic salts.*'! We believe that we
have developed an efficient way of introducing chirality into the
tetracationic cyclophane components of our catenanes. We are
now poised to introduce chirality into the crown ether compo-
nents of these same catenanes and observe the degree to which
self-assembly processes exhibit stereoselectivity when mechani-
cal bonds are put in place between chiral components.

Experimental Section

General Methods: Chemicals were purchased from Aldrich and used as re-
ceived. Solvents were dried [PhMe, CH,Cl,, CH,Cl, (with CaH,), MeCN
(P,O;) and THF (Na/Ph,CO)] according to procedures described in the
literature #* The compounds BHEEB,!'*" BPP34C10,'?*) BHEEN,®
1,SDN38C 10,251 2,2-bis(bromomethyl)-1.1"-binaphthyl ((RS)-5),/*3 1,1-
[1.4-phenylenebis(methylene)lbis(4.4' -bipyridiniom) bisthexafluorophos-
phate) (7-2PF,).F 2" and N-acetyl-D-tyrosine ?® were prepared according to
litcrature procedures. L-Leucine methyl ester was prepared by stirring an
aqueous solution of the corresponding commercially available hydrochloride
salt with a saturated solution of NaHCO, and extracting the product with
CH,Cl,. The reactions requiring ultrahigh pressure were carried out in a
Teflon vessel with a custom-built ultrahigh pressure press, manufactured by
PSIKA Pressure Systems Limited of Glossop (UK). Thin-layer chromatogra-
phy (TLC) was carried out on aluminum sheets precoated with silica gel 60 F
(Merck 5554). The plates were inspected by UV light and developed with
iodine vapor. Column chromatography was carried out with silica gel 60F
(Merck 9385, 230—400 mesh). Melting points were determined on an Elec-
trothermal 9200 apparatus and are not corrected. UV/Vis spectra were
recorded on a Perkin—Elmer Lambda 2 with HPLC-quality solvents.
'H NMR spectra were recorded either on a Bruker AC 300 (300 MHz) spec-
trometer or on a Bruker AMX 400 (400 MHz} spectrometer with either the
solvent or TMS as internal standard. '>C NMR spectra were recorded on
either a Bruker AC300 (75.5 MHz) or a Bruker AMX 400 (100.6 MHz) spec-
trometer with either the solvent or TMS as internal standards. All chemical
shitts are quoted on the § scale. Low-resolution mass spectra were performed
with a Kratos Profile spectrometer, operating in electron-impact (EIMS)
mode. Fast atom bombardment mass spectra (FAB MS) were recorded on a
Kratos MS 80 spectrometer operating at 8 keV with a xenon primary atom
beam. The matrix used was 3-nitrobenzyl alcohol (NOBA). Microanalyses
were performed by the University of Birmingham Microanalytical Service
and by the University of North London Microanalytical Service.

Compound (RS)-6-2PF,: A solution of (RS)-5 (0.2 g, 0.45 mmol) was added
over a period of 6 h to a solution of 4.4'-bipyridine (0.5 g, 3.15 mmol) in dry
MeCN (10 mL) under reflux under nitrogen. The solution was then heated
under reflux overnight. The solvent was removed in vacuo and the crude
reaction mixture purified by column chromategraphy (Si0,, eluent MeOH/
2M aq. NH,CI/MeNO,, 7:2:1). The solvents were removed in vacuo, the
residue dissolved in H,0, and a saturated aqueous solution of NH,PF, added
until no further precipitation occurred. The precipitate was filtered and dried
to alford (RS)-6-2PF as light blue crystals (0.2 g, 40%). M.p. 150-152"C
(decomp.); 'HNMR (300 MHz, CD,COCD,. 25°C, TMS): 6 = &.81 (d,
4H; pyridinium x2-CH), 8.43 (d, 4H; pyridyl «-CH). 8.41 (d, 2H; binaphthyl
-3y, 8.27 (d, 2H; binaphthy! H-4), 8.03 (d. 2H; binaphthyl H-5), 7.95 (d.
4H: pyridinium §-CH), 7.69 (d, 4H; pyridyl f-CH), 7.30 (m. 2H: binaphthyl
H-6), 6.96 (m. 2H; binaphthyl H-7), 6.53 (d. 2H; binaphthy! f-8), 6.28 (d,
2H: NCH,), 6.17 (d, 2H; NC{I,); '*C NMR (75.5 MHz, CD,COCD,,
25°C): 6 =154.3,151.9,145.7, 141.5,135.9, 134.4, 133.1, 131.6, 131.1, 130.7,
129.4, 128.4. 128.3, 125.9, 125.9. 122.5, 64.6; MS (8 keV, FAB): mjz =737
[M~PFJ]*, 591 [M—2PF]'; HRMS (LSIMS) C,,H,,N,PF,:
[M — PF]" caled. 737.2269, found 737.2269.

3,3’-Bis(bromomethyDbiphenyl  (10):1**! 3 3.Dimethylbipheny! (500 mg,
2.74 mmol), N-bromosuccinimide (1.074 g, 6.04 mmol), and benzoyl per-
oxide (20 mg) were suspended in CCl, (40 mL). The solution was heated
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under reflux for 3 h. after which time no more starting material was present
as shown by TLC analysis (eluent: hexane/CH,Cl;, 80/20). The resulting
suspension was cooled to room temperature, the precipitated succinimide was
filtered off, and the solvent was removed in vacuo to give 10 as a white solid.
which was recrystallized from hexane (610 mg, 65%). M.p. 102—-103°C,
ref. [44] m.p. 106-107°C; 'HNMR (300 MHz, CDCl,, 25°C, TMS):
5 =761 (brs, 2H; H-2), 7.53 (d. 2H; H-4), 7.47 (d. 2H; H-6), 7.40 (1, 2 H;
H-5),4.58 (s, 4H; -CH,-); '*C NMR (75.5 MHz, CDCl,, 25°C): 6 =141.2,
138.4, 129.4, 128.2, 127.9, 127.3. 33.4; MS (70 eV, EI}: m/z (%) = 340 (8)
[M]*. 260 (54) [M — Br]*, 180 (56} [M — 2Br]*.

12]Catenane  14-4PF, —Method A: 7-2PF, (250mg. 0.352 mmol),
BPP34C10 (470 mg, 0.882 mmol) and 10 (120 mg, 0.352 mmol) were dis-
solved in dry MeCN (50 mL). The solution turned red after 18 h, and a red
precipitate began to form. Stirring was continued for 7 days at room temper-
ature. The solvent was removed in vacuo to give a strongly colored material.
Hot H,O (30 mL) was added to the residue and the resulting suspension
filtered. A solution of NH,PF, in H,O was added to the rcd solution. A red
precipitate formed immediately. It was collected and crystallized from
Me,CO/H,0, affording 14-4 PF, as a pure compound (136 mg). The strongly
colored residue was purified by column chromatography (Si0O,. eluent
MeOH/2m aq. NH,C1/MeNO,, 7:2:1) affording, after counterion exchange,
another portion of 14-4PF, (65 mg. total yield 33%). M.p.>250°C:
'HNMR (400 MHz, CD;COCD,, 0°C, TMS): 6 =9.34 and 9.13 (2xd,
2x4H: bipyridinium «-CH), 8145 and 8.10 (2 xd. 2x4H; bipyridinium
B-CH), 8.02 (s, 4 H; p-xylyl H), 7.89—7.83 (m., 4 H; bitolyl H), 7.79—7.70 (m,
4H; bitolyl H), 6.23 (brs, 4H; “alongside” hydroquinone). 6.11 (s, 4H;
NCH,), 6.09 (s, 4H; NCH,). 4.66 (brs, 4H; “inside” hydroquinone), 3.95—
3.83 (m, 16 H; -CH,0-), 3.73- 3.62 (m, 16 H; -CH,0-), 3.54--3.48 (m, 16 H;
-CH,0-); '*C NMR (75.5 MHz, CD,COCD,, 25°C): 4 =153.8, 148.1,
147.7, 146.1, 146.0, 143.3. 137.4, 134.8, 131.5, 130.9, 130.5, 130.2, 129.1,
126.9, 126.3, 115.2, 71.3, 71.0, 70.6, 68.0, 65.5. 65.4; MS (8 keV, FAB):
mjz =1712 [M]*., 1567 [M — PF,]*, 1422 [M — 2PF,]', 1277 [M — 3PF,]".
1031 [M — BPP34C10 — PF.]'. 886 [M — BPP34C10 —2PF]", 741
[M — BPP34C10 — 3PF,]". C, H,.N,O ,B,F,, (1712.4): caled C 49.05, H
4.47, N 3.27; found C 49.33, H 4.62, N 3.23. Single crystals, suitable for X-ray
crystallography, were grown by vapor diffusion of /Pr,0 into a Me,CO
solution of the [2]Jcatenane.

Method B: 11-2PF (40 mg, 0.051 mmol). BPP34C10 (68 mg. 0.128 mmol),
and 1,4-bis(bromomethyl)benzene 8 (16 mg, 0.061 mmol) were dissolved in
dry MeCN (50 mL) and the solution stirred for 7 days at room temperature.
The solvent was removed in vacuo to give a strongly colored material, which
was purified by column chromatography (Si0,, eluent MeOH/2M aq.
NH,CI/MeNO,, 7:2:1) affording, after counterion exchange. 14-4PF,
(52 mg, 60%).

Compound 11-2PF,: A solution of 10 (150 mg, 0.44 mmol) in dry MeCN
(30 mL) was added dropwise to a refluxing solution of 4,4-bipyridine
(960 mg, 6.14 mmol) in dry MeCN (50 mL) over a period of 6 h under nitro-
gen. The solvent was removed in vacuo and the reaction mixture purified by
column chromatography (SiO,, eluent MeOH/2m aq. NH,CI/MeNO,.
7:2:1). Product-containing fractions were stripped of the solvent in vacuo.
the residue was dissolved in H,O, and a saturated solution of NH,PF, in H,O
was added until no further precipitation occurred. The precipitate, 11-2PF.
was filtered and air-dried (160 mg, 47%). M.p. 160—-162°C (decomp.);
'HNMR (300 MHz, CD,COCD,, 25°C, TMS): § = 9.39 (d. 4H: pyridini-
um a-CH), 8.87 (brs, 4H; pyridyl «-CH), 8.67 (d, 4H; pyridinium S-CH),
8.10 (s, 2H; bitolyl H2), 7.98 (d, 4H: pyridyl -CH), 7.85 (d. 2H: bitolyl
H4),7.73 (d, 2H; bitolyl H6), 7.63 (t, 2H; bitolyl H35), 6.17 (s, 4H: NCH,);
13C NMR (75.5 MHz, CD,COCD,. 25°C): 6 =155.2. 151.9, 146.1, 142.0.
142.0, 135.0, 131.0, 129.5, 129.3, 129.0, 127.1, 127.0, 65.0; MS (8 keV, FAB):
mjz = 637 [M — PF,]", 491 [M — 2PF,]*.

[2]Catenane  15:-4PF.—-Method A: I1-2PF, (56 mg. 0.072 mmol),
BPP34C10 (115 mg, 0.215 mmol), and 10 (29 mg, 0.086 mmol) were dis-
solved in dry MeCN (30 mL). The solution turned red after 2 days and a red
solid began to precipitate. Stirring was continued for 10 days at room temper-
ature. The solvent was removed in vacuo and the residue purified by column
chromatography (SiO,, eluent MeOH/2m aq. NH,CI/MeNO,. 7:2:1). The
solvent from product-containing fractions was removed in vacuo, the residue
was dissolved in H,O, and a saturated solution of NH,PF, in H,O added
until no further precipitation occurred. The red solid obtained was crystal-
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lized once from Me,CO/H,0, affording 15-4PF, as a pure compound
(20 mg. 15%). M.p.>250°C; 'HNMR (300 MHz, CD,COCD,, 25°C,
TMS): = 9.16 (d, 8H; bipyridinium o-CH}), 8.16 (d, 8 H; bipyridinium
p-CH), 7.93-7.85 (m, 12H, bitolyl H4, H2, H6), 7.75 (m, 4H, bitolyl H5),
6.13 (s, 8H: NCH,), 584 (s, 8H, hydroquinone), 3.79-3.71 (m, 16H,
-CH,0-), 3.58-3.52 (m, 8H, -CH,0-), 3.42-3.36 (m, 8H, -CH,0-); '3C
NMR (75.5 MHz, CD,COCD,, 25°C): 6 =152.8, 148.4, 146.3, 142.6, 134.3,
131.1,129.9,128.7, 126.8,126.8, 115.5, 71.1, 71.0, 70.5, 68.3, 65.4; MS (8 keV,
FAB): mjz =1643 [M — PF,]™, 1498 [M — 2PF.]", 1353 [M — 3PF,]*,
1107 {M — BPP34C10 — PF,]*, 962 (M — BPP34C10 — 2PF.]*, 817
[M — BPP34C10 — 3PF,]"; C; H4N,O,,P,F,, (1788.4): caled C 50.99,. H
4.51,N 3.13; found C 50.41, H 4.40, N 3.18. Single crystals, suitable for X-ray
crystallography, were grown by vapor diffusion of i/Pr,0 into a MeCN solu-
tion of the [2]catenane.

Method B: 11-2PF; (150 mg, 0.191 mmol), BPP34CI10 (410 mg,
0.764 mmol) and 10 (77 mg, 0.218 mmol) were dissolved in dry DMF (30 mL)
and the solution was subjected to ultrahigh pressure {12 kbar) for 3 days. The
solvent was removed in vacuo and the residue subjected to column chro-
matography (SiO,, eluent MeOH/2M aq. NH,Cl/MeNO,, 7:2:1). The sol-
vent from product-containing fractions was removed in vacuo, the residue
dissolved in H,O and a saturated solution of NH,PF, in H,O added until no
further precipitation occurred to afford 15-4PF, (117 mg, 34%).

Cyclophane 16-4PF,—Method A: 7-2PF, (280 mg, 0.396 mmol), 10
(150 mg, 0.44 mmol), and BHEEB (757 mg, 2.64 mmol) were dissolved in dry
MeCN (20 mL). The solution was stirred under nitrogen at room tempera-
ture for 14 days, and then the reaction mixture was poured into Et,0
(300 mL). The orange precipitate was filtered and dissolved in hot H,O, and
the orange solution was extracted continuously with CHCI; for 2 days until
the organic layer became colorless. The product was subjected to column
chromatography (Si0,, eluent MeOH/2M aq. NH,Cl/MeNO,, 7:2:1}. The
solvent in product-containing fractions was removed in vacuo, and the
residue dissolved in H,O. A saturated solution of NH,PF, in H,0 was added
until no further precipitation occurred. The precipitate, 16-4 PF, , was filtered
and air-dried (65mg, 14%). M.p. >250°C; 'HNMR (300 MHz,
CD,COCDy, 25°C, TMS): 6 = 9.52 and 9.39 (2 xd, 2 x4 H; bipyridinium
a-CH). 8.64 and 8.59 (2xd, 2x4H; bipyridinium S-CH), 7.89 (d, 2H;
bitolyl #4), 7.78 (m, 6H; p-xylyl H and bitolyl #6), 7.61 (m, 4H; bitoly!
HS5, H?2), 619 (s, 4H; NCH,), 6.11 (s, 4H; NCH,); *3C NMR
(75.5 MHz, CD,CN, 25°C): § =150.8, 150.6, 146.0, 142.8, 136.5, 134.7,
131.4, 131.1, 130.2, 130.0, 128.9, 128.3, 128.2, 128.1, 65.8, 65.5; MS
(8 keV, FAB): m/z =1031 {M — PF,]", 886 [M — 2PF(]", 741 [M — 3PF,}*:
HRMS (LSIMS) C,,H;(N,P,F ¢: [M —PF]* caled. 1031.1865, found
1031.1882.

Method B: 7-2PF, {280 mg, 0.396 mmol) and 10 (150 mg, 0.44 mmol) were
dissolved in dry MeCN (20 mL) and the solution was stirred under nitrogen
at room temperature for 14 days. The product was subjected to column
chromatography (SiO,, eluent MeOH/2Mm aq. NH,Cl/MeNO,, 7:2:1). The
solvent in product-containing fractions was removed in vacuo and the residue
dissolved in H,0. A saturated solution of NH,PF, in H,0 was added until
no further precipitation occurred. The precititate, 16-4PF, was filtered and
alr-dried {29 mg, 6%).

Cyclophane 17-4PF—Method A: 11-4PF; (160 mg, 0.204 mmol), 10
(85 mg, 0.245 mmol), and BHEEB (350 mg, 1.224 mmol) were dissolved in
dry MeCN (50 mL). The solution was stirred under nitrogen at room temper-
ature for 14 days. The reaction mixture was poured into Et,O (300 mL); the
orange precipitate was filtered and dissolved in hot H,0, and the orange
solution was extracted continuously with CHCI, for 2 days until the organic
layer became colorless. The product was subjected to column chromatogra-
phy (S8iO,, eluent MeOH,;2M aq. NH,Cl/MeNQ,. 7:2:1). The solvent was
stripped from the product-containing fractions in vacuo and the residue
dissolved in H,O. A saturated solution of NH,PF, in H,O was added until
no further precipitation occurred. The precititate, 17-4PF, . was filtered and
air-dried (51 mg, 20%). M.p.>250°C; 'H NMR (300 MHz, CD,CN, 25°C,
TMS): & = 8.95 (d, 8H; bipyridinium «-CH), 8.20 (d, 8 H; bipyridinium
f-CH), 7.77-7.62 (m, 16 H; bitolyl H), 581 (s, 8H; NCH,); "*C NMR
(75.5 MHz, CD,CN, 25°C): 6 =151.3, 146.3, 142.4, 134.5, 131.3, 130.6,
129.9, 129.1, 128.5, 65.8; MS (8keV, FAB): m/z =1107 [M — PF,]*, 962
[M — 2PF J*, 817 [M — 3PF )" ; CogH,oN P, F,, (1252.2): caled C 46.00, H
3.22, N 4.40; found C 46.35, H 3.20, N 4.38.
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Method B: 11-4PF, (80 mg, 0.102 mmol) and 10 (43 mg, 0.123 mmol) were
dissolved in dry MeCN (50 mL) and the solution was stirred under nitrogen
at room temperature for 14 days. The product was subjected to column
chromatography (Si0,, eluent MeOH/2m aq. NH,Cl/MeNO, ., 7:2:1). The
solvent from the product-containing fractions was removed in vacuo and the
residue dissolved in H,0. A saturated solution of NH, PF, in H,O was added
until no further precipitation occurred. The precipitate, 11-4PF,, was filtered
and air dried (21 mg, 16%).

2,2’-Dihydroxy-1,1"-binaphthyl-3,3 -dicarboxylic acid!?*J ({(RS)-18): 3-Hy-
droxy-2-naphthalenecarboxylic acid (6 g, 31.9 mmol) and NaOH (1.2 ¢,
30 mmol) were dissolved in H,O (110 mL) in a 500 mL three-neck round-bot-
tomed flask. The solution was brought to reflux and a solution of Fe-
Cly;-6H,0 (9 g, 34 mmol) in hot H,0 (50 mL) was added dropwise over a
period of 30 min with vigorous mechanical stirring. A blue-green precipitate
formed immediately. After the addition was completed, the mixture was
refluxed for another hour. After cooling down to room temperature, the pH
of the solution was adjusted to pH >7 with a 2N aqueous solution of NaOH.
The suspension was filtered and concentrated. Concentrated HCI (10 M) was
added to precipitate the product (pH <2). The precipitate was filtered off,
washed with H,O and with a solution of MeCO,H in H,O (80:20) to remove
the unreacted starting material. The resulting yellow product (RS)-18 was
dried in vacuo (1 g, 33%). *HNMR (300 MHz, CD,COCD,, 25°C. TMS):
6 =10.95(s.2H; COOH), 8.82(s,2H; H-4),8.10 (m, 2H; H-5).7.42 (m,4H:
H-6 and H-7), 7.16 (m, 2H; H-8); 13C NMR (75.5 MHz, CD,SOCD,,
25°C): 6 =172.2,154.2,136.6, 132.7,129.9, 129.3, 126.8, 124.1, 123.8, 116.5,
114.8; MS (70 eV, EI): m/z (%) = 374 (100) [M]™.

3,3’-Bis(hydroxymethyl)-2,2’-dihydroxy-1,1’-binaphthyl'**!  ((RS)-19): Li-
AlH, (300 mg, 8 mmol) was added carefully to a solution of (RS)-18 (350 mg,
0.93 mmol) in dry THF (45 mL). The solution was then heated under reflux
overnight under nitrogen. After cooling to room temperature, H,O and then
10% aq. H,S80, were added carefully. The reaction mixture was partitioned
between Et,O and H,O. The organic layer was washed with H,O and dried
over MgSO,, and the solvent was removed in vacuo. The residue was purified
by column chromatography (SiO,; eluent: AcOEt) thus affording (RS)-19
(270 mg, 78%) of the desired product. M.p. 188-190°C, ref.- [24c] m.p.
190-193°C; 'THNMR (300 MHz, CD,SOCD,, 25°C, TMS): § =7.94 (s.
2H; H-4), 7.86 (d, 2H; H-5). 7.26 (t, 2H; H-6), 7.12 (t, 2H. H-7), 6.82 (d,
2H, H-8), 4.72 (dd, 4H; CH,0H), 3.38 (brs, 2H; CH,0H); '*C NMR
(75.5 MHz, CD,COCDy,, 25°C): 6 =153.0, 134.5,131.6, 129.8, 128.6, 127.2,
126.5, 125.1, 123.8, 114.2, 61.9; MS (70 eV, ED): m/z (%) = 346 (53) [M]".

3,3'-Bis(bromomethyl)-2,2’-dihydroxy-1,1’-binaphthyl#! ((RS)-20): A 48%
solution of HBr in MeCO,H (2 mL) was added dropwise to a stirred suspen-
sion of (RS})-18 (120 mg, 0.32 mmol) in MeCO,H ¢20 mL) at room tempera-
ture. The reaction mixture was stirred for 1 h, then the solvent was removed
in vacuo and the residue dissolved in Et,O and washed with H,0. The
organic layer was dried over MgSO, . The solvent was removed in vacuo and
the crude (RS)-20 was crystallized from hexane/PhMe (120 mg, 75%). M.p.
210-212°C, ref. [24¢] m.p. 215-216°C; '"H NMR (300 MHz, CD,COCD;,,
25°C, TMS): 6 =8.28 (s, 2H; OH), 8.14 (s, 2H; H-4), 7.92 (d. 2H; H-5),
7.31 (1, 2H; H-6), 7.25 (1, 2H; H-7), 6.98 (d, 2H; H-8), 4.95 (dd, 4H:
-CH,Br); '3C NMR (75.5 MHz, CD,COCD,, 25°C): § =153.2, 135.5,
132.4,129.7,129.0, 128.4,127.9,125.0, 124.4, 114.2, 30.5; MS (70 ¢V, EI): /=
(%) =472 (42) [M]*, 393 (87) [M —Br*, 311 (74) [M—2Br';
C,,H,¢Br,0, (472.2): caled C 55.90, H 3.40; found C 56.23, H 3.27.

Optical Resolution'>*1 of 2,2’-Dihydroxy-1,1’-binaphthyl-3,3'-dicarboxylic
acid ({RS)-18): A solution of optically pure L-leucine methyl ester (5.3 g,
36 mmol) {[#]2§, = +19.4° (¢ =021 in CHCIy), reported!®* [«)2}, =
+15.3” (neat)} in S0 mL of MeOH was added to a suspension of racemic
(RS)-18 (6.5 g, 17.3 mmol) in MeOH. The reddish-brown solution was heated
in a water bath for 15 min and cooled to 25°C for 1 d and to 0 “C for 2 d. The
salt that separated was filtered, washed with a small amount of MeOH, and
dried to give 5.03 g of yellow crystals. The crystals were powdered in a
mortar, and the powder was digested in hot MeOH (3 x 50 mL.) with stirring
for 1.5 h. The final powder (4 g) was dissolved in 50 mL of H,O containing
0.6 g of NaOH. The resulting red solution was washed with Et,0 and acidi-
fied to pH 1 to give a yellow precipitate. The resulting yellow precipitate was
washed with H,O and dried to give (+)(R)-18 (1.5 g, 23% yield based on
racemate). The spectroscopic data for the optically active (+)(R)-18 were
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identical to those described for the racemic compound. [2]Z3, = + 2007
(c=0015 in THF). [, = +175° (c=0.03 in CH.N) ref.[24c]
[2)33, = +185" (¢ =1.08 in C;H,N).

3,3’-Bis(hydroxymethyl)-2,2"-dihydroxy-1,1’-binaphthyl>4<! ((R)-19): LiAlH,
(198 mg, 5.2 mmol) was added carefully to a solution of (R)-18 (200 mg,
0.54 mmol) in dry THF (45 mL). The solution was then heated under reflux
overnight under nitrogen. After cooling to room temperature, H,O and then
10% aq. H,80, were added carefully. The workup was carried out as de-
scribed above. The spectroscopic data for the optically active tetraol were
identical to those described for the racemic compound. [0]23, = +76°

{c = 0.022 in THF), ref. [24c] [#)25, = +78.7° (¢ =1.2 in THF).

3,3’-Bis(bromomethyl)-2,2’-dihydroxy-1,1"-binaphthyl ((R)-20): A 48% solu-
tion of HBr in MeCO,H (4 mL) was added to a stirred suspension of (R)-19
(240 mg, 0.5 mmol) in MeCO,H (20 mL). The reaction mixture was stirred
for 1 h at room temperature. The workup was conducted as described above.
The spectroscopic data for the optically active benzylic dibromide were iden-
tical to those described for the racemic compound. [#]25, = + 87° (¢ = 0.025
in CHCl,).

|2]Catenane (RS)-21-4PF;: Compound (RS)-20 (100 mg, 0.211 mmol),
7-2PF, (135 mg, 0.191 mmol) and BPP34C10 (255 mg, 0.478 mmol) were
dissolved in dry MeCN (30 mL). After 4 h the solution became red and a
precipitate began to form. The solution was stirred for 8 d. The solvent was
then removed in vacuo and the residue subjected to column chromatography
(SiO,. cluent MeOH;{2M aq. NH,Cl/MeNO,. 7:2:1). The solvent was
stripped from the product-containing fractions in vacuo, and the residue
dissolved in H,O. A saturated solution of NH,PF in H,O was added until
no further precipitation occurred. The precipitate was dissolved in MeNO,
and washed with H,0O. Removal of the solvent and crystallization from
Me,CO/H,O afforded the [2]catenane (RS)-21-4PF, (190 mg, 54%).
M.p.>250"C; 'HNMR (400 MHz, CD,COCD;, 47°C, TMS): 6 = 9.35
and 9.18 (2 xd. 2 x4 H: bipyridinium %-CH). 8.54 (s, 2H; binaphthyl H-4),
8.19 and 8.12 (2 xd. 2 x4 H; bipyridinium f-C#H), 8.09 (d, 2H, binaphthyl
H-5), 8.06 (s, 4H; p-xylyl H), 8.02 (brs, 2H; binaphthyl OH), 7.52 (t, 2H:
binaphthyl H-6), 7.44 (1, 2H; binaphthyl H-7), 7.20 (d, 2H; binaphthyl H-8),
6.29 (d. 2H: NCH,), 6.12 (d, 2H; NCH,), 6.10 (s, 4H; NCH,), 5.69
(brs, 8H: hydroquinone), 3.95-3.25 (bm, 32H, -CH,0-); '*C NMR
(75.5 MHz. CD,COCD,, 25°C): 6 =153.8, 153.7, 147.8, 147.3, 146.8, 137 6,
135.7, 135.0, 131.5, 129.9, 129.6, 129.2, 126.7, 125.5, 125.3, 124.8, 122.7.
1e.1, 1153, 1136, 71.2, 71.0, 70.5, 70.3. 655, 63.4: MS (8keV,
FAB): mjz = 1699 [M — PE]*, 1554 [M — 2PEJ™, 1410 [M — 3PF]*, 1163
[M —BPP34C10 ~ PF,]*, 1017 [M —BPP34C10 —2PF]", 8§72
[M — BPP34C10 — 3PF]": C,,HgN,O ,P,F,,-3H,0 (1899.4): caled C
49.32, H 4.56, N 2.95; found C 49.25, H 4.48, N 3.05. Single crystals suitable
for X-ray crystallography were grown by liquid—liquid diffusion by layering
iPr,0 on top of a Me,CO solution of the [2]catenane in an NMR tube.

[2fCatenane (R)-21-4PF,: 3.3-Bis(bromomethyl)-2.2"-dihydroxy-1.1"-bi-
naphthyl (R)-20 (35 mg, 0.1 mmol). 7-2PF, (50 mg, 0.07 mmol), and
BPP34C10 (40 mg. 0.07 mmol) were dissolved in dry MeCN (30 mL). The
reaction and the workup were carried out as described above. The spectro-
scopic data for the optically active [2]catenane were identical to those de-
scribed for the racemic compound. [#]23, = +149°, [0]33, = +159°
(¢ =10.002 in CH,COCH,). C,gHyz,N,O,P,F,,-3H,0 (1899.4): caled C
49.32, H 4.56, N 2.95; found: C 49.40, H 4.40, N 3.05.

Benzoylated [2]Catenane (RS)-22-4PF,:(RS)-21-4PF, (30 mg, 0.016 mmol)
was dissolved in dry MeCN (20 mL). An excess of benzoyl chloride and
2.6-dimethylpyridine was added and the solution stirred for 2d at room
temperature. The white precipitate was filtered off and the solvent removed
in vacuo. The resulting red solid was subjected to column chromatography
(S5i0,. eluent McOH/2m aq. NH,CI/MeNO,, 7:2:1) and counterion ex-
change to afford the dibenzoylated derivative in quantitative yield. 'H NMR
(300 MHz, CD,COCD,, 25°C, TMS): & = 9.28 and 9.18 (2xd, 2x4H;
bipyridinium «-CH), 8.70 (s, 2H; binaphthyl H-4), 8.32 and 8.16 (2xd,
2 x 4H: bipyridinium §-C4/). 8.12 (s, 4H: p-xylyl H). 7.95 (d, 2H; binaph-
thyl H-5), 7.58 (t, 2H; binaphthyt H-6), 7.55 {m, 6 H; binaphthyl H-7 and
benzoyl H), 7.42 (d, 2H: binaphthyl H-8), 7.38 (t, 4H; benzoyl H), 7.26 (d,
2H: benzoyl #), 6.38 (d, 2H; NCH,). 6.30 (d, 2H: NCH,), 6.10 (brs. 4H:
NCH,), 5.40 (brs. 8 H; hydroquinone), 4.00--3.30 (bm, 32H, -CH,0-); *C
NMR (75.5 MHz, CD,COCD;, 25°C): 4 =164.0, 152.6, 148.8, 148.0,
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147.0,129.6 x 2, 127.1, 1268, 126.6, 125.5x 2, 1154, 71.2, 71.0, 70.4, 68.2.
65.9, 64.5; MS (ESMS): m/z =1909 [M — PF,]*, 1763 [M — 2PF]", 881
[M —2PF,2*; HRMS (LSIMS) C,,Hy N,0,,PF, 5 [M — PFy]* caled.
1907.5223, found 1907.5151.

Cyclophane (R)-23-4PF,: 7-2PF, (162 mg, 0.229 mmol), (R)-20 (130 mg,
0.275mmol), and BHEEB (261 mg, 0.912 mmol) were dissolved in dry
MeCN (50 mL). The solution was stirred under nitrogen at room tempera-
ture for 14 d. The solvent from the reaction mixtore was removed in vacuo.
The orange precipitate was dissolved in 100 mL of MeOH/H,0 1/1 and the
orange solution was stirred with CHCl, for 2h to dethread the template
bheeb. The aqueous layer was separated, stripped of the solvent in vacuo and
the product was subjected to column chromatography (SiO,, eluent MeOH;
2m aq. NH,Cl/MeNO,, 7:2:1). The solvent from the product-containing
fractions was removed in vacuo and the residue dissolved in H,0. A saturated
solution of NH,PF, in H,O was added until no further precipitation oc-
curred. The precititate (R)-23-4PF, was filtered and air dried (82 mg. 27%).
[2]25, = + 867, [a]33, = + 91°, [o]25 = +108” (¢ = 0.009 in CH,COCH,);
"HNMR (300 MHz, CD,CN, 25°C, TMS): é = 9.40 (m, 8 H; bipyridinium
a-CH), 8.62 (m, 8 H; bipyridinium -CH), 8.52 (s, 2 H; binaphthyl H-4), 8.44
(s, 2H; binaphthyl OF), 8.05 (d, 2H; binaphthyl H-5), 7.95 (s, 4 H: p-xylyl
H), 7.47 (t, 2H; binaphthyl H-6). 7.38 (t, 2H; binaphthyl H-7). 7.10 (d, 2H,
binaphthyl H-8), 6.42 (d, 2H; NCH,), 6.21 (d, 2H; NCH,). 6.15 (s. 4H;
NCH,); '*C NMR (75.5 MHz, CD,CN. 25°C): § =153.7. 150.5. 150.3,
146.7, 146.1, 136.8, 1358, 135.5, 131.4, 1298, 129.7, 1294, 128.2, 1272,
125.5, 124.7, 1219, 1140, 658, 63.0: MS (8keV. FAB): mir =1331
[M +Na]*, 1163 [M +Na — PF]", 1018 [M —2PF,]*, 873 [M —3PF,]":
CoHyoNLOLPF,, (1308.2): caled C 45.87, H 3.08, N 4.28; found C 45.95.
H 3.53, N 4.26.

Benzoylated Cyclophane (R)-24-4 PF: (R)-23-4PF, (59 mg, 0.045 mmol) was
dissolved in dry MeCN (20 mL). An excess of benzoyl chloride and 2.,6-
dimethylpyridine was added and the solution stirred for 3 d at room temper-
ature. The white precipitate was filtered off and the solvent removed in vacuo.
The resulting red solid was subjected to column chromatography (SiO,.
eluent MeOH/2M aq. NH,Cl/MeNO,, 7:2:1), counterion exchange and re-
crystallization from Me,CO/iPr,0 to yield the dibenzoylated derivative (R)-
24-4PF; as a yellow, glassy solid (39.1mg, 57%). [2]2i,=-T.
[423, = — 8%, [#]23s = —11° (¢ = 0.003 in CH,CN); 'HNMR (300 MHz,
CD,COCDy, 25°C, TMS): 6 = 9.33 and 9.06 (2xd, 2x 4H; bipyridinium
2-CH), 8.59 (s, 2 H; binaphthyl H-4), 8.40 and 8.32 (2 x d, 2 x 4 H; bipyridini-
um $-CH), 8.07 (d, 2H; binaphthyl H-5), 7.87 (s, 4H; p-xylyl H). 7.64 (1,
2H: binaphthyl H-6), 7.54 (t, 2H; binaphthyl H-7). 7.42 (m, 4 H; binaphthyl
H-8 and benzoyl H), 7.20-7.09 (m, 8 H; benzoyl H), 6.34 (d. 2H: NCH,),
6.28 (d, 2H; NCH,), 6.17 (s, 4H; NCH,): '*C NMR (75.5 MHz,
CD,COCD,, 25°C): 6 =164.6,150.5, 149.5.146.5, 146.1, 136.6, 135.5. 135.0.
134.5, 132.2, 131.4, 130.1, 127.6, 127.2, 126.5, 126.3. 124.7, 65.4, 62.7: MS
(8keV, FAB): mjz=1371 [M —PF,)*, 1226 [M —2PF,]*. 1081
[M —3PF, " C.,H, N, O,P,F,, (1516.2): caled C 50.66, H 3.17, N 3.69:
found C 50.71. H 2.91, N 3.40.

Compound (R)-25-2PF,: A solution of (R)-20 (120 mg, 0.25 mmol) in dry
MeCN (30 mL) was added to a refluxing solution of 4,4-bipyridine (2 g,
12.8 mmol) in dry MeCN (50 mL) under nitrogen over a period of 18 h. The
solvent was removed in vacuo and the reaction mixture was purified by
column chromatography (SiO,, eluent MeOH/2m aq. NH,Cl/MeNO,,
7:2:1). The solvents from the product-containing fractions werc removed in
vacuo, the residue dissolved in H,O, and a saturated solution of NH, PF in
H,0 added until no further precipitation occurred. The precipitate was fil-
tered and air-dried to yield (R)-25-2PF as a yellow, glassy compound 143.9,
137.7, 136.6, 135.3, 134.4, 132.5, 132.1, 130.4, 130.3, 129.9, 129.7. (100 mg.
44%). M.p.>250°C; [#25, = 4157 ()2, = +15, [af2f = +1T
(¢ =10.002 in CH,CN); '"HNMR (300 MHz, CD;COCD,. 25°C, TMS):
0 =9.45(d, 4H; pyridinium 2-CH), 8.84 (d. 4H; pyridyl o-CH ). 8.67(d. 4H:
pyridinium f-CH), 8.48 (s, 2H; binaphthyl H-4), 8.02 (d. 2H: binaphthyl
H-5), 7.95(d, 4H; pyridyl -CH), 7.43 (t, 2 H: binaphthyl H-6), 7.31 (t. 2H;
binaphthyl H-7), 7.00 (d, 2H; binaphthyl H-8), 6.35(d,2H: NCH,). 6.28 (d.
2H; NCH,); **C NMR (75.5 MHz, CD,CN. 25°C): § =153.4. 150.9. 146.3,
141.9, 135.7, 135.6, 134.4, 129.8, 1294, 126.1, 126.0, 125.6, 124.7, 123.4,
1229, 1151, 62.0; MS (8keV, FAB): mjz =769 [M —PFJ]", 623
[M —2PF)"; C,,H;,N,O,P,F,, (914.2): caled C 55.14, H 3.50. N 6.13;
found C 55.13, H 3.51, N 5.87.
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Cyclophane (RR)-26-4PF,: A solution of (R)-25-2PF, (190 mg,
0.208 mmol), (R)-20 (103mg, 0.220 mmol), and BHEEB (314 mg,
11.0 mmol) were dissolved in dry MeCN (30 mL). The solution was stirred at
room temperature for 14 d. The solvent was then removed in vacuo and the
resulting solid was subjected to column chromatography (SiO, eluent
MeOH/2M aq. NH,Cl/MeNO,, 7:2:1). The solvent from product-contain-
ing fractions was removed in vacuo and the residue dissolved in H,O. A
saturated solution of NH,PF, in H,0 was added until no further precipita-
tion occurred. The product was then dissolved in MeNO, and washed twice
with H,0 to afford 170 mg of almost pure compound. Recrystallization from
Me,CO/iPr,O yiclded (RR}-26-4 PF, as a yellow-brown, glassy solid (90 mg,
29%). [2)23, = +103°, [w]2f¢ = +120° (¢ =0.006 in CH,CN); '"HNMR
(300 MHz, CD4CN, 25 °C, TMS): d = 8.97 (d, 8H; bipyridinium «-CH),
8.43 (s, 4H; binaphthyl H-4), 8.29 (d, 8 H; bipyridinium $-CH), 8.08 (d, 4H;
binaphthyl H-5), 7.44 (t, 4H; binaphthyl H-6), 7.40 (t, 4H; binaphthyl H-7),
7.03 (d, 4H; binaphthyl H-8), 6.69 (brs, 4H; binaphthyl OH), 6.08 (d, 4H;
NCH,). 5.83. (d, 4H; NCH,); *C NMR (75.5 MHz, CD,COCD,, 25°C):
3 =153.5, 150.2, 146.6, 136.5, 136.5, 135.6, 129.6,

“inside” binaphthyl H-5), 7.68 (d, 4H; ‘“‘alongside’ bipyridinium f-CH).
7.55-7.40 (m, 8 H; binaphthyl H-5 and H-6), 7.10 (d, 4H: binaphthyl H-§),
6.96 (d, 4H; “inside” bipyridinium S-CH), 6.78 (d, 4 H; naphthalene H-2.6),
6.60 (t, 4H; naphthalene H-3,7), 6.22 (d, 4H; naphthalene H-4,8), 6.20 (d,
2H; NCH,), 6.10 (d. 2H; NCH,), 5.81 (d, 4H; NCH,), 4.10-3.60 (bm.
32H,-CH,0-); '*C NMR (75.5 MHz, CD,COCD;, 25°C): § =153.5,153.4,
153.1, 153.0, 1474, 145.5, 144.9, 144.6, 136.6, 136.2, 136.0, 129.8, 129.7,
129.6, 129.2, 129.1, 126.8, 126.1, 1259, 1253, 125.2, 125.1, 125.0, 124.3,
124.2,121.8,121.7,121.6, 121.5,114.6,106.4, 71.3, 71.2, 70.6, 70.5, 62.5, 62.4.
MS (8keV, FAB): m/z=2171 [M +NH,]", 2008 [M — PFJ', 1862
[M —2PF]*, 1718 [M — 3PF]"; C,4oHy,N,O P F,, (2152.5): caled C
55.76, H 4.28, N 2.60; found C 55.87, H 4.13, N 2.48.

X-Ray Crystallography: Table 5 provides a summary of the crystal data, data
collection, and refinement parameters for the [2]catenanes 14-4PF,.
15-4PF,, and (RS)-21-4PF;. Computations were carried out with the
SHELXTL program system (version 5).[43]

Table 5. Crystal data, data collection and refinement parameters [a].

129.1, 127.2, 125.2, 125.0, 121.7, 1142, 62.7;
MS (8keV, FAB): m/z:=1371 [M —PF",
1226 [M —2PF*, 1081  [M —3PF";

CosHasN,O,P,F,, (1516.2): caled C 50.66, H 3.17,

14-4PF, 15-4PF, (RS)-21-4PF,

N 3.69; found C 50.69, H 3.03, N 3.55. .
empirical formula [b]

solvent
Benzoylated Cyclophane (RR)-27-4PF;: (RR)- M,

26-4PF, (28 mg. 0.018 mmol) was dissolved in dry color, habit
MeCN (20 mL). An excess of benzoyl chloride and crystal size (mm)
2,6-dimethylpyridine was added and the solution temperature (K)
stirred for 2 d at room temperature. The white pre- crystal system
cipitate was filtered off and the solvent removed in space group

vacuo. The solid obtained was subjected to column Zgé;
chromatography (SiO,, eluent MeOH/2M aq. ¢ (A)
NH,Cl/MeNO,, 7:2:1) and counterion exchange. % (%)
The resulting solid was then dissolved in MeNO, and B (%)
washed twice with H,O and recrystallised from 7 (%)
Me,CO/iPr,0 to yield the dibenzoylated derivative V(A%
(RR)-27-4PF; as a yellow, glassy solid (31 mg, 4 .
87%). [2]3, = +26° (c=0002 in CH,CN); pe (gem™)
"HNMR (300 MHz, CD,COCD,, 25°C, TMS): ‘“d;‘:‘f‘?)“
= 9.16 (d, 8H; bipyridinium «-CHY), 8.67 (s, 4H; ?(E)OO)

binaphthyl H-4), 8.49 (d, 8 H; bipyridinium §-CH),
8.08 (d, 4H; binaphthyl H-5), 7.64 {t, 4H; binaph-
thyl H-6), 7.55 (t, 4H; binaphthyl H-7), 7.44-7.32
(m, 16H; benzoyl H), 7.20 (m, 8 H; binaphthyl H-8
and benzoyl H), 6.37 (d, 4H; NCH,), 6.29 (d, 4H,
NCH,); *3C NMR (75.5MHz, CD,COCD;,
25°C)y: 8 =165.5, 150.2, 147.1, 146.5, 136.3, 1354,
134.8, 132.6, 130.4, 129.7, 129.6, 128.3, 128.3, 127.5,
1269, 126.7, 126.0, 125.0, 62.5; MS (8 keV, FAB):
mjz =1955 [M +Na]*, 1788 [M — PF]*, 1643

20 range (%)

no. of parameters

extinction, y
final R, (wR,)

data/parameter ratio

independent reflns (R;,,)

a,b in weighting scheme [e]

largest and mean A/a

largest difference peak—hole (¢A %)

CaoH 26N, 0 4PF,
3Me,CO

1887.5

red block needles
0.50x0.37 x0.30

CroHgoN,Oyo 4 PF,
4MeCN-3/4H,0
1967.05

orange needies
0.71x0.24x0.17

Cv«er)N401:‘4PF1x
4.5Me,CO

2106.69

orange blocks

0.50 x0.27 x0.15

293 293 203

monoclinic triclinic triclinic

P2,/n PI Pl

10.961 (1) 12.979(2) 13.523(1)

41.649(5) 13.532(2) 15.567(1)

20.557(2) 29.930(5) 24.789(2)

90 88.52(2) 80.34(1)

100.27(2) 85.78(1) 80.17(1)

90 64.62(2) 81.57(1)

9234(2) 4736(1) 5035.6(6)

4 2 2

1.358 1.379 1.389

Cug, [¢] Cuy, [d] Cug, [¢]

1.701 1.678 1.647

3904 2031 2184

4-110 6-110 4-120

11609 (0.05) 11817 (0.00) 14849 (0.04)
observed reflns [| Fy| > 40(|F,|)] 6420 7010 10357

1102 1245 1406

0.1967, 13.7575 0.1883, 8.1170 0.1713, 5.9011

0.0002 0.0009 -

0.105 (0.291} 0.106 (0.295) 0.091 (0.255)

—0.391,0.013 —0.206, 0.007 0.517,0.073
5.83 5.61 7.37
0.52, —0.37 0.96, —0.33 0.71, —0.46

[M —2PF,", 1498 [M — 3PF,]"; HRMS (LSIMS)
Co,He,N,O,P,F, ¢ [M — PF]*™ caled. 1787.3650,
found 1787.3607. +bP.

[2]Catenane (RR)-29-4PF,. 3,3'-Bis(bromomethyl)-2,2"-dihydroxy-1,1'-bi-
naphthyl (R)-20 (62 mg, 0.313 mmol), (R)-25-2PF; (100 mg, 0.109 mmol),
and 1,5DN38C10 (173 mg, 0.273 mmol) were dissolved in dry MeCN
(30 mL). A deep purple color and a purple precipitate appeared overnight.
The solution was stirred at room temperature for 14 days. The solvent was
removed in vacuo and the residue subjected to column chromatography
(Si0,, eluent MeOH/2M aq. NH,Cl/MeNQO,, 7:2:1). The solvent from the
product-containing fractions was removed in vacuo, and they were dissolved
in H,O. A saturated solution of NH,PF, in H,O was added until no further
precipitation occurred. The precipitate was dissolved in MeNO, and washed
with H,0. Removal of the solvent and precipitation from Me,CO/iPr,0
afforded the [2]Jcatenane (RR)-29-4PF, (110 mg, 47%). M.p.>250°C;
[0]355 = + 356°, []25, = + 372° [a]2}5 = + 379° (¢ = 0.0002 in CH,CN);
'HNMR (400 MHz, CD,SOCD,, 67°C, TMS): §=8.91 (d, 2H;
“alongside™ binaphthyl OH), 8.87 (d, 4H; “alongside” bipyridinium «-CH),
8.71 (d, 2H; “inside” binaphthyl OH), 8.58 (d, 4H; “inside” bipyridinium
«a-CH), 8.51 (s, 2H; “alongside™ binaphthyl H-4), 8.42 (s, ZH; “inside”
binaphthyl H-4), 8.20 (d, 2H; “alongside™ binaphthyl H-5), 8.10 (d, 2H;
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[a] Details in common: graphite-monochromated radiation, w-scans, refinement based on F2. [b] Excluding
solvent, [c] Siemens P4/RA diffractometer. [d] Siemens P4/PC diffractometer. [e] w™' = o%(F?) +(aP)’

In 14-4PF,, there is 60:40 disorder in two discrete parts of the polyether
linkages and 65:35, 55:45, 55:45 and 70:30 disorder in the four PF_ anions.
The three Me,CO molecules are distributed over four sites with two full-oc-
cupancy molecules and two partial-occupancy (65:35) molecules. The major
occupancy non-hydrogen atoms were refined anisotropically. The position of
the hydrogen atoms were determined from AF maps and subsequently ideal-
ized and refined isotropically (riding model).

In 15-4PF, two of the PF; anions are disordered rotationally and
resolved in two different positions with 50:50 occupancies. The [2]Jcatenane
1s solvated by four MeCN molecules, one of which is separated into
two different orientations (50:50 each) and by 0.75H,O disordered in
two positions with occupancies of 50:25, respectively. All non-hydrogen
atoms, with the exception of the solvent H,O molecules, were refined an-
isotropically. The six-membered rings in the structure were optimized.
Hydrogen atoms were located in two idealized positions based on the
geometry of their parent atoms and refined isotropically, applying the riding
model.
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In (RS)-21'4PF,, two PF anions are disordered and separated into two
different orientations, with equal occupancies (50:50). The polyether chain is
disordered in four positions, three of them with a 50:50 occupancy and one
with a 60:40 occupancy. Four and a half Me,CO molecules were identified
in the structure. All non-hydrogen atoms were refined anisotropically by
means ol distance constraints in the refinement of the polyether chain. The
hydrogen atoms were located from different Fourier maps (AF) and subse-
quently refined isotropically with a riding-model approach and fixed isotrop-
ic thermal parameters.

Association Constants: During the spectrophotometric titrations, the change
in the optical density of a solution of a complex was recorded while the
relative concentration of the guest in the complex was increased with respect
to the cyclophane. The stability constants (K,) were determined in MeCN,
10% DMF/MeCN or 10 % DMSO/MeCN solutions at 298 K. In each exper-
iment. a solution of the cyclophane was made up in a volumetric flask and its
optical density recorded in a cuvette (1 cm path length). A known quantity
of the guest was added to the solution. The optical density of this solution of
the 1:1 complex was recorded and the procedure repeated until no significant
change in optical density was observed on addition of further guest. Molar
ratios of the guest to the cyclophane used were in the range 0.1:1 to 30:1. The
titration data were treated by a nonlinear curve-fitting program (Ultrafit,
Biosoft, Cambridge, 1992), running on an Apple Macintosh personal com-
puter.

Molecular Modeling : Molecular modeling was performed on a Silicon Graph-
ics Indigo? workstation with the Macromodel GB/SA solvation model for
either H,O or CHCI; throughout. Stochastic dynamics (SD) were performed
at temperatures of 300 and 600 K with 10 ps equilibration and 100 ps of data
collection. Mixed-mode Monte Carlo/stochastic dynamics (MC/SD) simula-
tions were performed at a bath temperature of 300 K with a 10 ps equilibra-
tion and 100 ps of data collection, allowing only the torsions associated with
the amino acid unit to experience unrestrained motion. During both the SD
and MC/SD runs, 100 structures were sampled from each run and minimized
with the multiconformation minimization algorithm resident in Macromodel.
Monte Carlo conformational searching was carried out over 1000 steps with
the ring torsions associated with the tetracationic cyclophane constrained.
Single-point semiempirical calculations were performed on a Silicon Graphics
Power Indigo? with the semiempirical mode of Spartan,
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