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An analysis is presented of the different contributions that ordered two-dimensional, mosaic-like sheets in the solid
state. Its dicationic precursor also forms extended π-π-give rise to the packing observed in the crystal structures of a

wide range of bipyridinium-based molecular assemblies and stacked layers in the solid state. An analogous cyclophane –
containing two π-electron-rich resorcinol rings in place of thesupramolecular arrays. It is demonstrated how the various

interactions – electrostatic, van der Waals, and π-π two hydroquinone rings – forms, in the solid state, one-
dimensional arrays wherein the component resorcinol ringsinteractions – that contribute to the solid-state arrangement

of these molecules and supermolecules can be utilized in interact through their parallel π-π stacking. It has also been
established that the first of the aforementioned tetracationicorder to design a series of tetracationic cyclophanes that can

potentially self-organize in a highly ordered way in the solid cyclophanes forms a 1:1 adduct with ferrocene in both the
solution and solid states. X-ray crystallography, performed onstate by virtue of the fact that they contain π-electron donors

as well as π-electron acceptors. The syntheses of these the 1:1 adduct, reveals that not only is the ferrocene molecule
complexed in a π-π stacking sense within the tetracationiccyclophanes is outlined and the tunability of the self-

assembly methodology in their construction is demonstrated. cyclophane, but the 1:1 adduct also packs in a manner that
is remarkably similar to the supramolecular organization ofOne of these tetracationic cyclophanes – comprising π-

electron-rich hydroquinone rings and π-electron-deficient the free cyclophane in the crystalline state.
bipyridinium units – has been shown to pack as highly

Introduction ties is of the utmost importance to the chemist who wishes
to develop new organic materials.

Self-assembly processes have been employed[1] success-
Figure 1. A generic cyclophane containing four recognition unitsfully to build with accuracy molecular assemblies and that can act as both an endo and an exo receptor; the two black

supramolecular arrays formerly unattainable using conven- rectangles represents two identical interacting units; the white and
grey rectangles represents two interacting units that can be eithertional chemistry. Hydrogen bonding, [2] metal-ligand com-

identical or different
plexation[3] and π-π stacking[4] recognition motifs have been
employed rationally to design and, to some extent, realize
one-, two-, and three-dimensional solid-state arrays and
networks. [5] The creation of a new generation of functioning
materials depends ultimately on the development of mole-
cular and supramolecular architectures exhibiting novel
properties. [6] A more fundamental understanding of the
molecular recognition phenomena leading to these proper-
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nat.) 1 1-310/206-1843; E-mail: stoddart@chem.ucla.edu pounds, we have been able to identify some of the major
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interactive patterns that govern their packing. Armed with being π-electron-rich, the dialkyl-substituted ones as π-neu-

tral, and the bipyridinium units as π-electron-deficient.this information, we have designed (Figure 1) a series of
cyclophanes in which either two π-electron-rich or two π- (π-1) π-Electron-Rich2π-Electron-Deficient: The inter-

action between a π-electron-deficient aromatic unit, such aselectron-neutral rings, together with two π-electron-de-
ficient bipyridinium units, are placed in diametrically op- the 4,49-bipyridinium dication, and a π-electron-rich moi-

ety, such as a hydroquinone or 1,5-dioxynaphthalene ringposite positions within the same molecule so as to create a
box-like molecular geometry. These features give these system, is (Figure 2b) the most recurrent form of aromatic-

aromatic stacking observed in solid-state structures of bi-cyclophanes the potential to form highly structured two-
dimensional arrays of stacked π-π-interacting aromatic pyridinium-based molecular compounds. [8] [9] [10] This inter-

action is responsible for the formation, in the solid state, ofunits after a mosaic-like fashion, while they still retain the
ability to bind either π-electron-rich or π-electron-deficient both one-[8] [9] and two-[10]dimensional superstructures. To

date, the presence of counterions has rendered impossiblesubstrates.
Here, we report on (i) the design and self-assembly of the making of three-dimensional networks, comprising

solely π-π interacting units.nine tetracationic cyclophanes 4212 · 4 PF6, (ii) the X-ray
crystallographic characterization of two (4 · 4 PF6 and 8 · 4 (π-2) π-Electron-Rich2π-Electron-Rich: Close packing

has been observed between benzofuran-based ring sys-PF6) of them, as well as of one dicationic precursor 15 · 2
PF6, and (iii) the ability of the cyclophane 4 · 4 PF6 to form tems[11], as well as between hydroquinone or 1,5-dioxyn-

aphthalene aromatic rings. [12] This interaction alone hasa 1:1 adduct with ferrocene which has been characterized
in both the solid and solution states. been found to be responsible for the formation, in the solid

state, of zero-[11] and one-[12]dimensional structures.
(π-3) π-Electron-Deficient2π-Electron-Deficient: This

Results and Discussion type of interaction has been found in two different contexts:
(i) when the bipyridinium units of two adjacent moleculesDesign
are aligned and facing each other, [13] and (ii) when one of

In order to design, as rationally as possible, cyclophanes the pyridinium rings of a 4,49-bipyridinium unit in one mol-
with the potential for self-recognition, a knowledge of the ecule is (Figure 2a) π-π interacting with another one in an
interactions that control their self-organization in the solid adjacent molecule in a parallel fashion. [14] π-π Interactions
state is required. between bipyridinium units is, at first glance, a rather sur-

prising phenomenon since it implies the close contact be-(E) 5 Electrostatic Interactions
tween two positively charged species.The compounds we will be considering are all salts and

(π-4) π-Electron-Rich2π-Neutral: The solid-state struc-therefore the first, strong, short contact interactions that
tures of some catenanes[10a] and pseudorotaxanes[10b] revealgovern their packing are electrostatic. These interactions
(Figure 2a) a close packing between the π-neutral spacer ofare probably the major contributors to the primary struc-
a tetracationic cyclophane and a π-electron-rich aromatictures in the packing of most of the charged species, synthe-
unit in an adjacent molecule.sized and characterized in our own research laboratories

(π-5) π-Neutral2π-Neutral: In several cases, when theduring the last decade.
spacers of a tetracationic cyclophane are either 4,49- [13] or
3,39- [14]biphenyl units, π-neutral2π-neutral interactions(CP) 5 Close Packing Considerations
have been observed (Figure 2b) between adjacent tetracat-

The visualization of a molecule as a collection of spheri- ionic cyclophanes. The same two interaction patterns, anal-
cal atoms, with their characteristic radii, results inevitably ogous to the ones described in π-3 for the case of the π-
in the concept of close packing of molecules in a crystal. electron deficient2π-electron deficient interaction, have
This model, described in 1945 by Kitaigorodskii, [7] is based been found in the solid state.
on the fact that the number of intermolecular contacts in a (π-6) CH2π: These interactions have been described
crystal tends to a maximum, and that these contacts cluster (Figure 2c), for example, in bipyridinium-based systems and
around distances associated with energy minima in the vari- this was in the case of a [2]catenane. [14]

ous atom-atom potential curves. The close packing prin- In the knowledge of these interactive patterns, a series of
ciple applies to a far lesser extent than do the electrostatic tetracationic cyclophanes incorporating a variety of poten-
interactions in the case of the ionic species we are consider- tially interactive π-π units that, in all cases, contain two
ing, but it certainly does contribute to their secondary 4,49-bipyridinium units located diametrically opposite one
structure along with the other interactions described below. another, has been designed. The major contibutor to their

packing 2 as stated above 2 is the electrostatic interaction(π) 5 π-π Interactions
(E). Another contribution, which is not insignificant, con-
cerns the shapes of the molecules that contribute to theirMany different types of aromatic units have been incor-

porated into bipyridinium-based molecular systems. In Fig- arrangements in a close-packing (CP) sense. To illustrate
this point, let us quote Desiraju, [5e] who wrote: “...chemistryure 2, we list all the different types of π-π interactions enco-

untered to date and comment on their effect on packing. is not geometry, and the major challenge in the practice of
crystal engineering is that a crystal structure is a compromise,We identify the dioxy-substituted aromatic ring systems as
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Figure 2. Parts of the continuous two-dimensional stacks formed by the [2]catenanes 1 · 4 PF6, 2 · 4 PF6, and (RS)-3 · 4 PF6 showing the

interactive patterns a) π-3 and π-4, b) π-1 and π-5, and c) π-6 in the solid state and in a schematic way

at times quite uneasy, between interactions of varying 1,5-dioxynaphthalene in 5 · 4 PF6 and 6 · 4 PF6, and resorci-
nol in 7 · 4 PF6 and 8 · 4 PF6 on the basis of their knownstrengths, directionalities, and distance-dependent properties.”

The incorporation of two π-electron-rich ring systems ability to stack with a π-electron-deficient unit present in
another molecule. The length of the π-electron-rich spacerand two 4,49-bipyridinium units located diametrically op-

posite each other in the same tetracationic cyclophane, cre- unit is such that the cyclophanes should adopt a near-
square geometry in the solid state, a condition that is neces-ating a box-like geometry, provides the potential to form,

in the solid state, a highly ordered two-dimensional array sary in order to realize the mosaic-like array depicted in
Figure 3.(Figure 3) wherein the superstructure would be sustained

by the combination of E, CP, and π-2 interactions. The π- A consideration of the cooperative effect between the
four interactions E, CP, π-3, and π-4 led us to design theelectron-rich units selected were hydroquinone in 4 · 4 PF6,

Eur. J. Org. Chem. 1998, 9692981 971
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Figure 3. Schematic representation of the anticipated solid-state Figure 5. Schematic representation of the anticipated solid-state

packing of the tetracation 1141 in a crystalline saltpacking of the tetracations incorporating both π-electron-rich and
π-electron-deficient units in a crystalline salt

packing in the solid-state structure of 12 · 4 PF6 relies (Fig-
ure 6) on the combination of the interactions: E, CP, π-1,
π-2, π-3, and π-4.

Figure 6. Schematic representation of the anticipated solid-state
packing of the tetracation 1241 in a crystalline salt

tetracationic cyclophanes 9 · 4 PF6 and 10 · 4 PF6 with the
potential to pack as illustrated in Figure 4. It is anticipated
that these cyclophanes will adopt a triangular shape since
one of the π-electron-rich hydroquinone rings of the tetra-
cationic cyclophane 4 · 4 PF6 has been modified to a shorter
p-xylyl unit in 9 · 4 PF6 and an even shorter m-xylyl unit in
10 · 4 PF6.

Figure 4. Schematic representation of the anticipated solid-state
packing of the tetracations incorporating π-electron-rich, π-neutral,

and π-electron-deficient units in a crystalline salt

Synthesis

The tetracationic cyclophane 4 · 4 PF6 was prepared by
the route shown in Scheme 1. The dibromide 13 was ob-
tained by reaction[15] of the diol 14 with PPh3Br2 in MeCN.
Portion-wise addition of 13 over 7 days to a ten-fold excess
of 4,49-bipyridine in MeCN afforded, after counterion ex-
change, the dicationic salt 15 · 2 PF6. Since the reported[16]

synthesis of the tetracationic cyclophane, cyclobis(para-
quat-p-phenylene), employs 1,4-bis[2-(2-hydroxyethoxy)-
ethoxy]benzene (16) (Table 1) as a template, at ultra high
pressure (12 kbars) and yields 62% of this cyclophane, theDibenzofuran is well known to π-π stack with itself in

the solid state. [11a] [11b] [11c] Two of these units have been in- synthesis (Scheme 1) of the cyclophane 4 · 4 PF6 was at-
tempted[15] by mixing equimolar amounts of the dicationiccorporated into a tetracationic cyclophane containing also

two bipyridinium units located diametrically opposite each salt 15 · 2 PF6 and the dibromide 13 in the presence of vari-
ous π-electron-rich templates (Table 1) at both ambient andother. [11d] The solid-state structure of this cyclophane re-

vealed the formation of one-dimensional π-π stacks of di- ultra high (12 kbar) pressures.
At ambient pressure in DMF, whatever the templatebenzofuran interacting units. In the tetracationic cyclo-

phane 11 · 4 PF6, containing both dibenzofuran and hydro- chosen, formation of the cyclic product was not observed.
When the reaction was carried out at high pressure in DMFquinone units, the expected packing (Figure 5) relies on the

combination of the interactions: E, CP, π-1, π-3, π-4, and without a template, only polymeric material was obtained.
When either templates 16 or 17 were incorporated[17] intoπ-5.

The idea of synthesizing the tetracationic cyclophane the reaction mixture, the tetracationic cyclophane 4 · 4 PF6

was isolated in 5 and 12% yields, respectively.12 · 4 PF6, in which one of the π-electron rich spacers of 4 · 4
PF6 has been replaced by the π-neutral biphenyl ring sys- The self-assembly[13] of a similar tetracationic cyclophane

2 namely, cyclobis(paraquat-4,49-biphenylene) 2 using fer-tem, derives from the knowledge[13] of the solid-state struc-
ture of the cyclophane cyclobis(paraquat-4,49-biphenylene) rocene as a template, suggested an alternative route to us

for templating the formation of tetracationic cyclophanes.that forms highly ordered layered arrays. The expected
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Scheme 1. Template-directed synthesis of the square tetracationic 1,5-bis[(2-hydroxyethoxy)ethoxy]naphthalene (17) as the

cyclophane 4 · 4 PF6 template afforded, after counterion exchange, the desired
tetracationic cyclophanes 5 · 4 PF6 and 6 · 4 PF6 in 9 and
6% yields, respectively. These very low yields may be a
consequence of the lack of efficiency of the self-assembly
process as a consequence of the distorted geometry of the
naphthalene spacer unit in 20 · 2 PF6 with respect to 15 · 2
PF6 which contains a hydroquinone ring as a spacer.
Scheme 2. Template-directed synthesis of the tetracationic cyclo-

phanes 541 and 641

Table 1. Yields of formation of the tetracationic cyclophane 4 · 4
PF6 in different conditions

The synthetic strategy employed in the self-assembly of
the tetracationic cyclophanes 7 · 4 PF6 and 8 · 4 PF6 relies
(Scheme 3) upon the same principles as those leading
(Schemes 1 and 2) to the salts 426 · 4 PF6. Subsequently,
the diol 21, which was prepared in 69% yield from the reac-
tion of 2-chloroethanol with 1,5-naphthalenediol under
basic conditions, was treated with PPh3Br2 in MeCN to af-
ford the dibromide 22 in 66% yield.

Portion-wise addition of 22 to a 10-fold excess of 4,49-
bipyridine in MeCN afforded, after counterion exchange,
the dicationic salt 23 · 2 PF6 in 62% yield. Reaction of this
salt with 22 in DMF using 17 as a template afforded, afterTherefore, we decided to use ferrocene as a templating agent

for the synthesis of 4 · 4 PF6, and both surprisingly and un- counterion exchange, the desired tetracationic cyclophane
8 · 4 PF6 in 24% yield. The other tetracationic cyclophanefortunately, we did not observe the formation of the tetra-

cationic cyclophane 4 · 4 PF6 at either ambient or ultra 7 · 4 PF6 was prepared in two different ways 2 both in the
presence of the template 17 2 (i) the first way involved thehigh pressures.

The naphthalene-containing tetracationic cyclophanes reaction between the dibromide 13 and the dicationic salt
23 · 2 PF6 and (ii) the second utilized the complementary5 · 4 PF6 and 6 · 4 PF6 were synthesized, following the syn-

thetic scheme depicted in Scheme 2. The diol 18 was pre- components 2 namely the dibromide 22 and the dicationic
salt 15 · 2 PF6. The former method afforded 7 · 4 PF6 in 18%pared in 56% yield by reaction of 2-chloroethanol with 1,5-

naphthalenediol under basic conditions. The dibromide 19 yield and the latter, 7 · 4 PF6 in 13% yield. These results
may reflect the better preorganization of 23 · 2 PF6 com-was prepared in 57% yield as a result of reaction of the diol

18 with PPh3Br2 in MeCN. Portion-wise addition of the pared with 15 · 2 PF6 during the self-assembly process. This
hypothesis gains some credence from the fact that, in thedibromide 19 to a 10-fold excess of 4,49-bipyridine in

MeCN afforded, after counterion exchange, the dicationic solid-state structure of the tetracationic salt 8 · 4 PF6 (vide
infra), the cavity within the macrocycle is narrower thansalt 20 · 2 PF6 in 51% yield. Reaction of this salt in turn

with the dibromides 13 and 19 in DMF, at 12 kbar, using that within 4 · 4 PF6.
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Scheme 3. Template-directed synthesis of the tetracationic cyclo- The tetracationic cyclophanes 11 · 4 PF6 and 12 · 4 PF6

phanes 741 and 841
were synthesized (Scheme 5) in 12 and 32% yields, respec-
tively, by treating the dicationic salt 15 · 2 PF6 in turn with
the dibromides 24 and 25, in DMF at ambient pressure in
the presence of ferrocene as a template.

Scheme 5. Template-directed synthesis of the tetracationic cyclo-
phanes 1141 and 1241

Once again, the benzylic dibromides 24 and 25 are suf-
ficiently reactive to allow the ring closure to occur at atmos-The tetracationic cyclophanes 9 · 4 PF6 and 10 · 4 PF6

pheric pressure. By comparison with the results describedwere synthesized (Scheme 4) at atmospheric pressure by al-
above, in which ferrocene was shown not to template thelowing the dicationic salt 15 · 2 PF6 to react with dibromo-
ring closure in the synthesis of 4 · 4 PF6 even at high pres-p-xylene and dibromo-m-xylene, respectively in MeCN in
sure, here, at normal pressure, a saturated solution of ferro-the presence of the template 17, giving yields of 18 and
cene enhances the formation of the cyclophanes 11 · 4 PF615%.
and 12 · 4 PF6, resulting in yields of 32 and 12%, respec-

Scheme 4. Template-directed synthesis of the tetracationic cyclo-
tively.phanes 941 and 1041

X-ray Crystallography of 4 · 4PF6, 8 · 4PF6, and 15 · 2PF6

The solid-state structure[15] of 15 · 2 PF6 was confirmed
by X-ray crystallography. The dicationic salt 15 · 2 PF6 exhi-
bits (Figure 7) a partially extended skewed horseshoe con-
formation. The central phenoxymethylene groups are in a
syn relationship and the OCH2CH2N groups adopt gauche
geometries, both of which are in the same sense. The pyrid-
ylpyridinium units are non-planar and exhibit twist angles
about the central C2C bond linkages between rings A and
B, and D and E of 9 and 16°, respectively; there is no no-
ticeable “bowing” of either unit. The skew angle, as defined
by the molecular torsional angle N(A)2N(B)/N(D)2N(E),
is 80°.

The packing (Figure 8) of the elongated dications is com-
plex, involving extensive intermolecular π-π stacking inter-
actions. The pyridylpyridinium units at each end of the
molecule pack in a parallel (AB,BA and DE,ED) overlap-
ping relationship with their centrosymmetrically relatedThe choice of ambient conditions, as opposed to the use

of high pressure, relies on the fact that, in this situation, the counterparts creating zig-zag chains (depicted with closed
and open bonds, respectively, in Figure 8) that extend in thereactivities of dibromo-p-xylene and dibromo-m-xylene are

much greater than those of the dibromides 13, 19, and 22 crystallographic (011) direction. Adjacent chains within the
crystal are offset with respect to each other such that theemployed in the previous ring closures.

Eur. J. Org. Chem. 1998, 9692981974



Molecular Meccano, 37 FULL PAPER
Figure 7. Ball-and-stick representation of the dicationic salt 15 · 2 two-dimensional sheets are not planar, there being a slightly

PF6 in the solid state stepped relationship between adjacent macrocycles. Despite
this terraced arrangement of molecules, there is a retention
of a proximal relationship between one of the bipyridinium
rings in one tetracation and a hydroquinone ring in the next
and vice versa. The separation between the centroids of
these rings in adjacent cyclophanes is 4.0 A

˚
and the planes

of the rings are inclined by 22°.
Adjacent sheets, although separated by layers of dis-

ordered PF6
2 anions and MeCN molecules, are in register

and form nanotubes that extend through the crystal. The
distance between the cyclophane layers is 9.8 A

˚
, so that two

consecutive cyclophanes in adjacent layers form (Figure 10)pyridyl ring A within one chain is positioned directly above
a cube of ca. 1 nm side.and orthogonally oriented with respect to the pyridyl ring

E in the next chain. The result of this packing relationship The X-ray structural analysis of 8 · 4 PF6 reveals (Figure
11) the cyclophane to have a Ci-symmetric chair-like con-is the formation of extended π-π-stacked sheets (Figure 8)

that propagate in the crystallographic c direction with a formation, with the resorcinol units inclined by ca. 45° to
the mean plane of the macrocycle, and with a ca. 42° twistBAED-DEAB stepped sequence.

Figure 8. Ball-and-stick (top) and schematic (bottom) representation of the packing in the solid-state structure of the dicationic salt 15 · 2
PF6

In the solid state the tetracationic cyclophane 441 has between the pyridinium rings within each bipyridinium
unit. The profile of the molecule is rectangular with the(Figure 9) an almost square, open, C2-symmetric geometry,

the distances between the corner NCH2 methylene carbon distances between the corner NCH2 methylene carbon
atoms of 9.97 and 8.83 A

˚
for the sides incorporating theatoms being 9.88 and 9.94 A

˚
, respectively, the longer dis-

tance corresponding to the sides containing the hydro- bipyridinium units and the resorcinol rings, respectively.
The vectors joining these four carbon atoms form a paral-quinone rings. Although these sides of the cyclophane have

a planarity that extends to include their adjacent oxybisme- lelogram with angles of 88 and 92° (angles identical to those
observed in 441).thylene units, there are quite large twists (20°) between the

pyridinium rings in the bipyridinium units. The molecules pack (Figure 12) head-to-tail with the res-
orcinol rings in one molecule parallelly π-stacked with thoseThe tetracations 441 pack to form a close-packed two-

dimensional π-donor/π-acceptor mosaic (Figure 9). These in the next (mean interplanar separation: 3.50 A
˚

, centroid-

Eur. J. Org. Chem. 1998, 9692981 975
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Figure 9. Plan view of the packing of 441 in the solid state (ball- Figure 11. Ball-and-stick representation of 841 in the X-ray struc-

ture of 8 · 4 PF6and-stick representation)

Figure 12. Representation of the packing in the solid-state structure
of 8 · 4 PF6 showing the resorcinol2resorcinol interaction

Figure 10. Schematic representation of the channels formed by the
tetracations 441 in the solid state

Figure 13. Representation of the packing in the solid-state structure
of 8 · 4 PF6 showing the one-dimensional arrays of π-π-stacked cy-

clophanes

2centroid distance: 3.64 A
˚

). Adjacent chains in the crystal
are oriented orthogonally with respect to each other to
form the pseudo close-packed array illustrated in Figure 13.
The regions bounded by the confluences of the corners of
four adjacent molecules form channels that contain the PF
6
2 anions.

Association Constants

The bright green color of a 1:1 molar solution of 4 · 4 PF6

and ferrocene (Fc) in MeCN indicates the formation of a
1:1 adduct 4/Fc · 4 PF6 of the inclusion complex type that
also displays a charge transfer (CT) interaction.[19] A UV-
spectrophotometric titration, using the CT band centered

Eur. J. Org. Chem. 1998, 9692981976
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on 602 nm as the probe, yields an association constant (Ka) tored by UV spectrophotometry using the tritration pro-

cedure between ferrocene and 11 · 4 PF6 and 12 · 4 PF6, wereof 44 ± 3 dm3 mol-1 for the 1:1 adduct 4/Fc · 4 PF6 in MeCN
at 25°C. This Ka value corresponds to a free energy of ad- far too small to yield any reliable Ka values: again, these

binding constants must be less than 10 21.duct formation of 22.2 kcal mol21.

X-ray Crystallography of 4/Fc ·4 PF6Figure 14. Schematic representation of the anticipated structure of
the 1:1 adduct 4/Fc41 in a crystalline state

The X-ray structure[15] of the Ci-symmetric 1:1 adduct
formed between the cyclophane 441 and ferrocene revealed
(Figure 15) the total achievement of the supramolecular de-
sign strategy (Figure 14) in that the tetracationic cyclo-
phane includes, via π-π stacking interactions with the bipy-
ridinium units, a ferrocene molecule. [18] Furthermore, the
tetracations self-assemble to form (Figure 16) a π-donor/π-
acceptor two-dimensional mosaic directly analogous to that
formed by the free macrocycle. The entrapping of the ferro-
cene molecule within the tetracationic cyclophane produces
only very minor perturbations in its geometry. The lengths
of the two sides between the corner NCH2 carbon atoms
are essentially unchanged at 9.83 and 9.95 A

˚
, respectively,

and there is only a small reduction, ca. 2°, in the twist angle
between the two pyridinium rings of the bipyridinium units.
The π-π stacking within the two-dimensional mosaic in the
1:1 adduct is improved with respect to that observed for the1H-NMR-spectroscopic investigations, carried out on a free macrocycle. The centroid2centroid separation between

5.5·1023  solution of 4/Fc · 4 PF6 in CD3CN, indicate that the hydroquinone ring in one molecule and one of the pyri-
the ferrocene molecule resides within the tetracationic dinium rings of the next is reduced to 3.8 A

˚
and the rings

cyclophane with its cyclopentadienyl rings oriented parallel are closer to parallel, being inclined by only 6° (cf. 22° in
to the planes of the two bipyridinium units in the tetracat- 441). The two-dimensional mosaic sheets are again stacked
ion. This relative geometry explains the significant upfield in register with a mean intersheet separation of 9.8 A

˚
, the

shifts (20.29 ppm) observed for the cyclopentadienyl ring PF6
2 anions and included solvent molecules being interca-

proton resonances of Fc and also (20.08 ppm) for the β- lated between the layers.
CH bipyridinium signals of 441. Consequently, it was an-
ticipated that inclusion of ferrocene in this manner should

Conclusionpermit the retention (Figure 14) of the mosaic-like array
proposed (Figure 3) and observed (Figure 9) in the solid Consideration of the interactive patterns present in the

solid-state structures of 4,49-bipyridinium-based salts hasstate for 4 · 4 PF6.
All attempts to determine the binding constants between led us to the design of a series of nine tetracationic cyclo-

phanes 4212 · 4 PF6 with the potential to form highly or-4 · 4 PF6 and the π-electron-rich guests tetrathiafulvalene
(TTF), 1,4-bis[2-(2-hydroxyethoxy)ethoxy]benzene (16), dered arrays of extended π-π-stacked sheets in the solid

state. The syntheses of these tetracationic cyclophanes were1,5-bis[2-(2-hydroxyethoxy)ethoxy]naphthalene (17), and
the π-electron-deficient guest tetracyanoquinodimethane made possible by carefully tuning the reaction conditions

and also by employing, in each case, a template adapted(TCNQ) were unsuccessful, as indicated by UV-spectropho-
tometric or 1H-NMR-spectrometric titration methods. Al- to the target cyclophane. The information present in the

molecular structures of the tetracationic cyclophanesthough the changes in absorption intensities and chemical
shifts were too small to yield any reliable quantitative infor- 4212 · 4 PF6 not only facilitated their efficient self-assembly,

but also allowed the formation in the solid state of (i) amation, it is obvious from this study that the binding con-
stants must be less than 10 21. regular repeating two-dimensional supramolecular array in

the case of 4 · 4 PF6, and (ii) linear π-π stacks in the case ofThe tetracationic cyclophanes 5212 · 4 PF6 were tested
for complexation with ferrocene on its own. The cyclo- 8 · 4 PF6. The solid-state structure of the dicationic salt 15 · 2

PF6 displayed an unusual stucture in which pyridylpyridin-phanes 5210 · 4 PF6 did not form any stable adducts with
ferrocene since no chemical shift changes were observed in ium units are π-π-interacting with each other in two differ-

ent ways so as to create two-dimensional π-π stacks. Thethe 1H-NMR spectra of 1:1 mixtures of the two compo-
nents: also, no charge transfer bands were detected by UV symmetrically oriented molecular recognition elements of

the cyclophane 4 · 4 PF6 have also allowed the directionallyspectrophotometry. When the cyclophanes 11 · 4 PF6 and
12 · 4 PF6 were mixed in a 1:1 ratio with ferrocene, a light specific inclusion of ferrocene (Fc) within its cavity to form

the 1:1 adduct 4/Fc · 4 PF6 in both the solid and solutiongreen color was observed and could be associated with
charge transfer bands centered on 610 and 606 nm, respec- states. We believe that this research should be of relevance

to chemists who wish to design novel organic materials withtively. Once again, however, the absorption changes, moni-
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matography was carried out using silica gel 60F (Merck 9385,Figure 15. Ball-and-stick representation of 4/Fc41 in the X-ray

structure of 4/Fc · 4 PF6 2302400 mesh). 2 Melting points were determined with an Elec-
trothermal 9200 apparatus and are not corrected. 2 Low-resolu-
tion mass spectra were performed using a Kratos Profile spec-
trometer, operating in electron impact (EIMS) mode. Fast-atom
bombardment mass spectra (FABMS) were recorded with a Kratos
MS80 spectrometer operating at 8 keV using a xenon primary atom
beam. The matrix used was 3-nitrobenzyl alcohol (NOBA). Liquid
Secondary Ion Mass Spectra (LSIMS) were recorded with a VG
ZabSpec mass spectrometer, using an m-nitrobenzyl alcohol matrix
and a scan speed of 10 s per decade.

Tetracationic Cyclophane 4 · 4 PF6: The dibromide 13 (32.4 mg,
0.1 mmol), the dicationic salt 15 · 2 PF6 (76.6 mg, 0.1 mmol), and
the diol 17 (100.9 mg, 0.3 mmol) were dissolved in dry DMF (10
ml). The reaction mixture was transferred to a high-pressure reac-
tion Teflon tube, which was then compressed (12 kbars) at room
temperature for 5 d. The precipitate, which resulted on addition of
Et2O (150 ml), was filtered off and purified by column chromatog-

Figure 16. View of the packing of the 1:1 adduct 4/Fc41 in the solid raphy [SiO2; MeOH/2  aqueous NH4Cl/MeNO2 (7:2:1)] to yield,state (ball-and-stick representation)
after counterion exchange, 4 · 4 PF6 as a deep yellow solid (15 mg,
12%); m.p. > 260°C. 2 FABMS; m/z: 1075 [M 2 PF6]1. 2 1H
NMR (300 MHz, CD3CN, 25°C): δ 5 8.94 (d, 8 H), 8.36 (d, 8H),
6.71 (s, 8 H), 4.98 (t, 8H), 4.31 (t, 8 H). 2 13C NMR (75.5 MHz,
CD3CN, 25°C): δ 5 153.5, 150.8, 147.3, 127.6, 116.3, 67.5, 62.3.
2 HRLSIMS: calcd. for C40H40F12N4O4P2 [M 2 2 PF6]1: m/z
930.2333; found: m/z 930.2375. 2 Single crystals, suitable for X-
ray crystallography, were grown by vapor diffusion of iPr2O into a
solution of 4 · 4 PF6 in MeCN.

1,5-Bis(2-hydroxyethoxy)naphthalene (18): 2-Chloroethanol
(8.68 g, 108 mmol) was added during 1 h to a refluxing solution
of 1,5-naphthalenediol (5.76 g, 36 mmol) and K2CO3 (30 g, 217.7
mmol) in MeCN (200 ml) under N2. The reaction mixture was kept
under reflux for 48 h and filtered. The filtrate was concentrated
and the residue was dissolved in CH2Cl2 (100 ml). The solution was
washed with H2O (23 30 ml) and brine (30 ml), dried (MgSO4),
concentrated in vacuo, and the resulting dark brown residue was
extracted with hot EtOAc (5 3 50ml). The solution was then con-
centrated in vacuo and the brown residue was crystallized from
Me2CO to yield the diol 18 as a brown solid (5.0 g, 56%); m.p.
1802181°C. 2 EIMS; m/z: 248 [M]1. 2 1H NMR (300 MHz,
CD3CN, 25°C): δ 5 7.81 (d, J 5 8.5 Hz, 2 H), 7.38 (t, J 5 8.0 Hz,

interesting physical properties, in a way that is reminiscent 2 H), 6.98 (d, J 5 8.0 Hz, 2 H), 4.99 (t, J 5 5.0 Hz, 2 H), 4.14 (t,
to the encoding procedure described by the late Margaret J 5 5.0 Hz, 4 H), 3.8723.83 (m, 4 H). 2 13C NMR (CD3CN, 75

MHz, 25°C): δ 5 154.1, 126.1, 125.3, 114.0, 105.8, 70.0, 59.8.Etter[5b] for hydrogen-bonding interactions.

This research was supported by the Engineering and Physical Sci- 1,5-Bis(2-bromoethoxy)naphthalene (19): Br2 (2.28 g, 8.0 mmol)
ences Research Council, as well as by the European Community and was added to a mechanically stirred suspension of Ph3P (2.11 g,
by the Ministère de la Recherche et de l9Enseignement Supérieur in 8.0 mmol) in dry MeCN (100 ml) at 5°C at such a rate that the
France. We thank Professor A. Collet (Lyon) for helpful dis- supernatant solution remained colorless. The solution was then al-
cussions. We thank Dr. M. C. T. Fyfe and Dr. M. V. Martı́nez-Dı́az lowed to warm up to room temperature and powdered 1,5-bis(2-
for providing compounds 24 an 25, respectively. hydroxyethoxy)naphthalene (1.00 g, 4.0 mmol) was added in one

portion. After 48 h, the precipitate which formed was collected and
crystallized from MeOH to obtain the dibromide 19 as a beige solidExperimental Section
(850 mg, 57%); m.p. 146°C. 2 EIMS; m/z: 374 [M]1. 2 1H NMRMaterials and Methods: Chemicals were purchased from Aldrich
(300 MHz, CD3CN, 25°C): δ 5 7.87 (d, J 5 8.0 Hz, 2 H), 7.41 (t,and used without further purification. Solvents were either used as
J 5 7.7 Hz, 2 H), 6.95 (d, J 5 7.7 Hz, 2 H), 4.47 (t, J 5 5.5 Hz,purchased or dried (DMF from KOH, MeCN from CaH2), accord-
4 H), 3.85 (t, J 5 5.5 Hz, 4 H). 2 13C NMR (CD3CN, 75 MHz,ing to procedures described in the literature. [20] The reactions re-
25°C): δ 5 154.3, 126.2, 125.2, 114.8, 105.7, 69.1, 31.6.quiring ultra high pressure were carried out in a Teflon vessel, using

a custom-built reactor, manufactured by PSIKA Pressure Systems Dicationic Salt 20 · 2 PF6: The dibromide 19 (0.50 g, 1.3 mmol)
was added portion-wise during 7 d, three times per d (24 mg perLimited of Glossop in the UK. 2 Thin-layer chromatography

(TLC) was carried out using aluminum sheets precoated with silica portion), to a refluxing solution of 4,49-bipyridine (2.09 g, 13.4
mmol) in dry MeCN (50 ml) under nitrogen. The reaction mixturegel 60F (Merck 5554). The plates were inspected by UV light and

developed with a dilute solution of I2 in CHCl3. 2 Column chro- was maintained under reflux for a further 48 h before it was al-

Eur. J. Org. Chem. 1998, 9692981978



Molecular Meccano, 37 FULL PAPER
lowed to cool down to room temperature, whereupon the brown 4 H). 2 13C NMR (CD3COCD3, 75 MHz, 25°C): δ 5 159.9, 155.4,

152.2, 147.1, 142.0, 131.2, 126.7, 122.8, 108.6, 102.9, 67.2, 61.7.precipitate was filtered and dissolved in a mixture of Me2CO and
H2O, before being purified by column chromatography [SiO2; General Procedure for the Syntheses of the Tetracationic Cyclo-
MeOH/2  aqueous NH4Cl/MeNO2 (7:2:1)] to yield, after coun- phanes 528 · 4 PF6: The dibromide (0.1 mmol), the dicationic salt
terion exchange, the dicationic salt 20 · 2 PF6 as a yellow-green solid (0.1 mmol), and the diol 17 (100.9 mg, 0.3 mmol) were dissolved
(556 mg, 51%); m.p. > 240°C. 2 FABMS; m/z: 671 [M 2 PF6]1. in dry DMF (10 ml). The reaction mixture was transferred to a
2 1H NMR (300 MHz, CD3CN, 25°C): δ 5 8.95 (d, J 5 7.0 Hz, high-pressure reaction Teflon tube, which was then compressed (12
4 H), 8.81 (d, J 5 7.0 Hz, 4 H), 8.34 (d, J 5 7.0 Hz, 4 H), kbars) at room temperature for 5 d. The precipitate, which resulted
7.7627.71 (m, 6 H), 7.40 (t, 7.7 Hz, 2 H), 6.96 (d, J 5 7.35 Hz, 2 on addition of Et2O (150 ml), was filtered off and purified by col-
H), 5.07 (t, J 5 4.8 Hz, 4 H), 4.62 (t, J 5 4.8 Hz, 4 H). 2 13C umn chromatography [SiO2; MeOH/2  aqueous NH4Cl/MeNO2NMR (CD3CN, 75 MHz, 25°C): δ 5 155.5, 153.9, 151.9, 146.4, (7:2:1)] to yield, after counterion exchange, the desired tetracat-
141.9, 126.7, 126.5, 122.6, 118.5, 115.6, 67.2, 61.4. ionic cyclophane.

1,3-Bis(2-hydroxyethoxy)benzene (21): A solution of resorcinol Tetracationic Cyclophane 5 · 4 PF6: Yield 9%; m.p. > 260°C. 2
(5 g, 45.4 mmol) in EtOH (70 ml) was added dropwise over 15 min FABMS; m/z: 1125 [M 2 PF6]1. 2 1H NMR (300 MHz, CD3CN,
to a strirred solution of NaOH (5.44 g, 136.2 mmol) in EtOH (70 25°C): δ 5 9.05 (d, J 5 7.0 Hz, 4 H), 8.88 (d, J 5 7.0 Hz, 4 H),
ml) and H2O (24 ml). A solution of 2-chloroethanol (11.00 g, 136.2 8.35 (d, J 5 7.0 Hz, 4 H), 8.30 (d, J 5 7.0 Hz, 4 H), 7.86 (d, J 5
mmol) in EtOH (70 ml) was then added dropwise over 20 min and 8.4 Hz, 2 H), 7.37 (t, J 5 7.7 Hz, 2 H), 6.82 (d, J 5 7.7 Hz, 2 H),
the reaction mixture was heated under reflux for 3 d. After cooling 6.64 (s, 4 H), 5.17 (t, J 5 4.4 Hz, 4 H), 4.93 (t, J 5 4.4 Hz, 4 H),
down to room temperature, the reaction mixture was filtered to 4,59 (t, J 5 4.4 Hz, 4 H), 4.26 (t, J 5 4.4 Hz, 4 H). 2 13C NMR
afford the diol 21 as a white solid (2.0 g). The mother liquor was (CD3CN, 75 MHz, 25°C): δ 5 153.4, 151.0, 147.3, 146.3, 145.0,
then concentrated in vacuo to leave a yellow oil which was par- 127.9, 127.6, 126.7, 116.5, 115.9, 107.2, 67.7, 67.5, 62.2. 2
titioned between CH2Cl2 (150 ml) and brine (70 ml). The pH of HRLSIMS: calcd. for C44H42F12N4O4P2 [M 2 2 PF6]1: m/z
the aqueous layer was adjusted to ca. 2 using 2  HCl. The aqueous 980.2490; found: m/z 980.2487.
layer was extracted with CH2Cl2 (4 3 50 ml) and the combined

Tetracationic Cyclophane 6 · 4 PF6: Yield 6%; m.p. > 260°C. 2organic layers were concentrated in vacuo to afford the diol 21 as
FABMS; m/z: 1175 [M 2 PF6]1. 2 1H NMR (300 MHz, CD3CN,a white solid (2.2 g, 4.2 g overall, 69%); m.p. 97°C. 2 EIMS; m/z:
25°C): δ 5 9.01 (d, J 5 7.0 Hz, 8 H), 8.30 (d, J 5 7.0 Hz, 8 H),198 [M]1. 2 1H NMR (300 MHz, CD3COCD3, 25°C): δ 5
7.77 (d, J 5 8.4 Hz, 4 H), 7.32 (t, J 5 7.7 Hz, 4 H), 6.78 (d, J 57.1827.12 (1 H, m), 6.5526.50 (3 H, m), 4.0824.00 (4 H, m), 3.95
7.7 Hz, 4 H), 5.14 (t, J 5 4.4 Hz, 8 H), 4.52 (t, J 5 4.4 Hz, 8 H).(2 H, t, J 5 5.0 Hz), 3.8823.80 (4 H, m). 2 13C NMR
2 13C NMR (CD3CN, 75 MHz, 25°C): δ 5 154.0, 150.6, 147.2,(CD3COCD3, 75 MHz, 25°C): δ 5 161.2, 130.6, 107.5, 102.1,
126.9, 126.7, 115.6, 106.8, 67.7, 62.4. 2 C48H44F24N4O4P4 (1320.8):70.3, 61.3.
calcd. C 43.65, H 3.36, N 4.24; found C 43.60, H 3.39, N 4.26.

1,3-Bis(2-bromoethoxy)benzene (22): Br2 (1.3 ml, 25.2 mmol) Tetracationic Cyclophane 7 · 4 PF6: Yield 13% from 15 · 2 PF6 and
was added dropwise to a vigorously stirred suspension of Ph3P 22, 18% from 13 and 23 · 2 PF6; m.p. > 225°C. 2 FABMS; m/z:
(6.62 g, 25.2 mmol) in dry MeCN (25 ml). The reaction mixture 1075 [M 2 PF6]1. 2 1H NMR (CD3CN, 300 MHz, 25°C): δ 5
was maintained at < 5°C during the addition and then allowed to 8.95 (d, J 5 6.2 Hz, 4 H), 8.91 (d, J 5 6.2 Hz, 4 H), 8.3428.25
warm up to room temperature before the diol 21 (2.5 g, 12.6 mmol) (m, 8 H), 7.23 (t, J 5 8.5, 1 H), 6.72 (s, 4 H,), 6.6126.54 (m, 2 H),
was added to it in one portion. The reaction mixture was stirred 6.49 (s, 1 H), 4.9924.92 (m, 8 H), 4.4424.37 (m, 4 H), 4.3624.29
for 4 h at room temperature, after which time it was filtered, and (m, 4 H). 2 13C NMR (CD3CN, 75 MHz, 25°C): δ 5 159.6, 153.3,
the solvent removed under vacuum, giving a white solid which was 151.2, 147.1, 131.3, 127.8, 127.7, 116.2, 107.1, 104.1, 67.5, 66.7,
crystallized from MeOH to afford the dibromide 22 as a white solid 62.2. 2 HRLSIMS: calcd. for C40H40F12N4O4P2 [M 2 2 PF6]1:
(2.7 g, 66%); m.p. 87°C. 2 EIMS; m/z: 324 [M]1. 2 1H NMR (300 m/z 930.2333; found: m/z 930.2333.
MHz, CD3CN, 25°C): δ 5 7.22 (t, J 5 7.5 Hz, 1 H), 6.57 (dd, J 5

Tetracationic Cyclophane 8 · 4 PF6: Yield 24%; m.p. > 230°C. 27.5 Hz, 2 H), 6.50 (t, J 5 2.5 Hz, 1 H), 4.30 (t, J 5 5.5 Hz, 4 H),
FABMS; m/z: 1075 [M 2 PF6]1. 2 1H NMR (300 MHz, CD3CN,3.70 (t, J 5 5.5 Hz, 4 H). 2 13C NMR (CD3CN, 75 MHz, 25°C):
25°C): δ 5 8.99 (d, J 5 7.0 Hz, 8 H), 8.38 (d, J 5 7.0 Hz, 8 H),δ 5 160.8, 131.5, 108.8, 102.9, 69.3, 31.6.
7.23 (t, J 5 8.45 Hz, 2 H), 6.6026.50 (m, 6 H), 5.00 (t, J 5 4.4

Dicationic Salt 23 · 2 PF6: The dibromide 22 (1.05 g, 3.24 mmol) Hz, 8 H), 4.42 (t, J 5 4.4 Hz, 8 H). 2 13C NMR (CD3CN, 75
was added portion-wise every 8 h over 7 d to a refluxing solution MHz, 25°C): δ 5 159.7, 151.2, 147.3, 131.6, 127.9, 107.2, 104.9,
of 4,49-bipyridine (5.05 g, 3.24 mmol) in dry MeCN (100 ml). The 66.7, 62.2. 2 C40H40F24N4O4P4 (1220.6): calcd. C 39.36, H 3.30,
reaction mixture was maintained under reflux for a further 48 h. N 4.59; found C 39.12, H 3.18, N 4.63. 2 Single crystals, suitable
Then, it was allowed to cool down to room temperature, where- for X-ray crystallography, were grown by vapor diffusion of iPr2O
upon the greenish-brown precipitate which formed was filtered off into a solution of 8 · 4 PF6 in MeCN.
and dissolved in H2O before being purified by column chromatog-

General Procedure for the Syntheses of the Cyclophanes 9210 · 4raphy [SiO2; MeOH/2  aqueous NH4Cl/MeNO2 (7:2:1)]. The frac-
PF6: The dibromide (0.1 mmol), the dicationic salt (0.1 mmol), andtions containing the product were combined and concentrated un-
the diol 17 (100.9 mg, 0.3 mmol) were dissolved in dry MeCN (10der vacuum to give a residue which was dissolved in H2O. The
ml). The reaction mixture was stirred at room temperature for 14dicationic salt 23 · 2 PF6 was precipitated from this solution by ad-
d and then concentrated in vacuo. The residue was purified by col-dition of a saturated aqueous NH4PF6 solution. The dication was
umn chromatography [SiO2; MeOH/2  aqueous NH4Cl/MeNO2isolated as a beige solid (1.55 g, 62%); m.p. > 215°C. 2 FABMS;
(7:2:1)] to yield, after counterion exchange, the desired tetracat-m/z: 621 [M 2 PF6]1. 2 1H NMR (300 MHz, CD3COCD3, 25°C):
ionic cyclophane.δ 5 9.35 (d, J 5 7.5 Hz, 4 H), 8.87 (d, J 5 7.5 Hz, 4 H), 8.68 (d,

J 5 7.5 Hz, 4 H), 8.00 (d, J 5 5 Hz, 4 H), 7.19 (t, J 5 7.5 Hz, 1 Tetracationic Cyclophane 9 · 4 PF6: Yield 18%; m.p. > 230°C. 2

FABMS; m/z: 1015 [M 2 PF6]1. 2 1H NMR (300 MHz, CD3CN,H), 6.6926.57 (m, 3 H), 5.30 (t, J 5 5 Hz, 4 H), 4.67 (t, J 5 5 Hz,
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25°C): δ 5 8.9128.87 (m, 8 H), 8.2828.24 (m, 8 H), 7.58 (s, 4 H), Tetracationic Cyclophane 12 · 4 PF6: Yield 12%; m.p. > 245°C. 2

FABMS; m/z: 1091 [M 2 PF6]1. 2 1H NMR (300 MHz, CD3CN,6.58 (s, 4 H), 5.78 (s, 4 H), 4.93 (d, J 5 4.4 Hz, 4 H), 4.24 (d, J 5

4.8 Hz, 4 H). 2 13C NMR (75 MHz, CD3CN, 25°C): δ 5 153.5, 25°C): δ 5 8.9428.87 (m, 8 H), 8.2928.25 (m, 8 H), 6.65 (s, 4H),
5.80 (s, 4 H), 4.9424.91 (m, 4 H), 4.2524.22 (m, 4 H). 2 13C NMR150.6, 150.5, 147.1, 146.2, 136.0, 131.3, 128.1, 127.4, 116.3, 68.0,

65.3, 62.1. 2 HRLSIMS: calcd. for C38H36F12N4O2P2 [M 2 2 (75 MHz, CD3CN, 25°C): δ 5 157.7, 150.8, 147.2, 146.3, 15.3,
130.8, 128.9, 128.5, 127.7, 116.0, 67.1, 66.1, 62.2. 2 HRLSIMS:PF6]1: m/z 870.2122; found: m/z 870.2107.
calcd. for C44H40F12N4O2P2 [M 2 2 PF6]1: m/z 946.2435; found:Tetracationic Cyclophane 10 · 4 PF6: Yield 15%; m.p. > 225°C. 2
m/z 946.2415.FABMS; m/z: 1015 [M 2 PF6]1. 2 1H NMR (300 MHz, CD3CN,

25°C): δ 5 8.90 (d, J 5 7 Hz, 4 H), 8.82 (d, J 5 7.0 Hz, 4 H), 8.27
The 1:1 Adduct 4/Fc · 4 PF6: For the 1:1 adduct (5.5·1023 ): 1H(d, J 5 7 Hz, 4 H), 8.22 (d, J 5 7.0 Hz, 4 H), 7.5727.84 (m, 4 H),

NMR (300 MHz, CD3CN, 25°C): δ 5 8.89 (d, 8 H), 8.28 (d, 8 H),6.61 (s, 4 H), 5.78 (s, 4 H), 4.93 (t, J 5 4.8 Hz, 4 H), 4.29 (t, J 5
6.74 (s, 8 H), 4.96 (t, 8 H), 4.31 (t, 8 H), 3.87 (s, 10 H). 2 Single4.8 Hz, 4 H). 2 13C NMR (75 MHz, CD3CN, 25°C): δ 5 153.7,
crystals, suitable for X-ray crystallography, were grown by vapor151.0, 147.3, 146.1, 134.4, 133.5, 132.0, 131.9, 128.0, 127.5, 116.3,
diffusion of iPr2O into a 1:1 solution of 4 · 4 PF6 and ferrocene (Fc)68.2, 65.0, 62.4. 2 HRLSIMS: calcd. for C38H36F12N4O2P2 [M 2
in MeCN.2 PF6]1: m/z 870.2122; found: m/z 870.2101.

General Procedure for the Syntheses of the Cyclophanes 11212 · 4 X-ray Crystallography: The data for all compounds with the ex-
PF6: The dibromide (0.1 mmol), the dicationic salt (0.1 mmol), and ception of 8 · 4 PF6 have already been deposited. Table 2 provides
ferrocene (409 mg, 2.2 mmol) were dissolved in dry MeCN (10 ml). a summary of the crystal data, data collection, and refinement pa-
The reaction mixture was stirred at room temperature for 14 d and rameters for 8 · 4 PF6, and for comparison those for 15 · 2 PF6, 4 · 4
then concentrated in vacuo. The residue was purified by column PF6, and 4/Fc · 4 PF6. [15] The structure of 8 · 4 PF6 was solved by
chromatography [SiO2; MeOH/2  aqueous NH4Cl/MeNO2 (7:2:1)] direct methods and the non-hydrogen atoms refined anisotropically.
to yield, after counterion exchange, the desired tetracationic cyclo- There was evidence for disorder in the PF6

2 anions but this could
phane. not be resolved into alternate partial occupancy orientations. The

positions of the hydrogen atoms were idealized, assigned as iso-Tetracationic Cyclophane 11 · 4 PF6: Yield 32%; m.p. > 250°C. 2

FABMS; m/z: 1105 [M 2 PF6]1. 2 1H NMR (300 MHz, CD3CN, tropic thermal parameters U(H) 5 1.2Ueq(C), and allowed to ride
on their parent carbon atoms. Refinement was by full-matrix least25°C): δ 5 8.9528.90 (m, 8 H), 8.3128.28 (m, 8 H), 8.17 (d, J 5

8.1 Hz, 2 H), 7.69 (d, J 5 8.1 Hz, 2 H), 7.39 (s, 2 H), 6.68 (s, 4 H), squares based of F2. Computations were carried out using the
SHELXTL program system (version 5.03). The crystallographic5.96 (s, 4 H), 4.96 (t, J 5 5.0 Hz, 4 H), 4.26 (t, J 5 5.0 Hz, 4 H).

2 13C NMR (75 MHz, CD3CN, 25°C): δ 5 157.9, 153.3, 150.9, data (excluding structure factors) for the structure reported in this
paper have been deposited with the Cambridge Crystallographic150.8, 147.2, 146.6, 135.2, 128.4, 127.7, 125.7, 123.5, 116.0, 112.6,

67.2, 66.0, 62.2. 2 C44H38F24N4O3P4 (1250.7): calcd. C 42.26, H Data Centre as supplementary publication no. CCDC-101398. Co-
pies of the data can be obtained free of charge on application to3.06, N 4.48; found C 41.95, H 3.08, N 4.34.

Table 2. Crystal data, data collection, and refinement parameters for 15 · 2 PF6, 4 · 4 PF6, 8 · 4 PF6, and 4/Fc · 4 PF6
[a]

Data 15 · 2 PF6 4 · 4 PF6
[b] 8 · 4 PF6

[b] 4/Fc · 4 PF6
[b]

Empirical formula C30H30N4O·2 PF6 C40H40N4O4 · 4 PF6 C40H40N4O4 · 4 PF6 C50H50FeN4O4 ·4 PF6
Solvent 0.5 H2O 2.3 MeCN 2 2 MeCN/2 H2O
M 777.5 1315.1 1220.6 1524.8
Colour, habit clear prisms yellow blocks clear prisms green blocks
Crystal size [mm] 0.6730.6330.50 0.2330.2730.33 0.1730.1730.10 0.2030.2030.23
Crystal system triclinic monoclinic monoclinic monoclinic
Space group P1

¯
C2/c P21/n P21/c

Temperature [K] 291 293 203 293
a [A

˚
] 10.459(7) 22.990(7) 11.308(1) 9.834(2)

b [A
˚

] 11.811(8) 20.372(6) 13.902(1) 20.450(4)
c [A

˚
] 14.522(12) 17.476(5) 15.265(1) 16.767(3)

α [°] 92.56(2) 2 2 2
β [°] 110.81(2) 124.00(2) 92.95(4) 103.09(2)
γ [°] 90.67(2) 2 2 2
V [A

˚
3] 1675(2) 6785(4) 2396.4(3) 3284(1)

Z 2 4[c] 2[c] 2[c]

Dc [g cm23] 1.542 1.287 1.692 1.542
F(000) 794 2666.4 2820 1552
µ [mm21] 2.14 1.99 1.47 3.85
2θ range [°] 3.02110.0 3.02110.0 8.62110.0 3.02120.0
Independent reflections 4216 4268 2995 4860
Observed reflections, uFou > 4σ(uFou) 2411 2512 2430 2348
Number of parameters 509 444 343 425
R1

[d] 0.138[e] 0.118[e] 0.090[f] 0.118[e]

Rw
[g] 0.157 0.127 0.2352[h] 0.116

Largest difference peak, hole [eA
˚

23] 0.53, 20.37 0.55, 20.38 0.69, 20.66 0.60, 20.49

[a] Details in common: graphite-monochromated Cu-Kα radiation, ω-scans Siemens PA diffractometer). 2 [b] Rotating anode source. 2
[c] The molecule has crystallographic C2 symmetry. 2 [d] R1 5 ΣiFou2uFci/ΣuFou. 2 [e] Refinement based on F. 2 [f] Refinement based on
F2. 2 [g] Rw 5 Σ[(uFou2uFcu)w1/2]/Σ[uFouw1/2], w21 5 σ2(F) 1 0.00050 F2. 2 [h] Value quoted is for wR2 5 [Σw(Fo

22Fc
2)2/Σw(Fo

2)2]1/2,
w21 5 σ2(Fo

2) 1 (0.134 P)2 1 9.500 P.
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